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A particularly interesting organic light-emitting diodes (OLEDs) design adopts a host-guest 
strategy by dispersing a small amount of highly efficient emitter (the guest) into an appropriate 
transport matrix (the host). The host is utilized to transfer excitons to the emitter and to prevent 
triplet exciton quenching, thus high device performance can be achieved. 
The present thesis focuses on the relationship between the molecular structure and opto-
electrical properties of carbazole/dibenzothiophene derivatives. The investigation encompasses 
seven of these derivatives for the host, in which the carbazole unit acts as a donor and the 
dibenzothiophene as an acceptor while they are linked through phenyl spacer(s). This choice 
of host materials enables to assess the impact of extended phenyl spacers and different acceptor 
to donor molar ratios. It was found that decreasing the phenyl spacer length enhances the device 
performance due to the larger both hole and electron densities in the emitting layer; and a 1:1 
carbazole to dibenzothiophene ratio is favorable for device performance, since it balances the 
charge carriers in the emitting layer. Using these host materials, the work presented in this 
thesis demonstrates high-performance blue FIrpic-based phosphorescent OLEDs (PhOLEDs) 
and green 4CzIPN-based thermally activated delayed fluorescence (TADF) OLEDs. The blue 
PhOLEDs and green TADF OLEDs with mDCP showed efficiencies of 43 cd/A (18.6%) and 
66 cd/A (21%), respectively.  
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Ein vielversprechendes Design für organische lichtemittierende Dioden (OLEDs) verwendet 
eine Wirt-Gast-Strategie durch Dispergieren einer kleinen Menge eines hocheffizienten 
Emitters (der Gast) in eine passende Transportmatrix (der Wirt). Die Aufgabe des Wirts ist den 
Exzitonentranport zum Emitter sicherzustellen und den Zerfall von Triplet-Exzitonen zu 
verhindern, und damit eine hohe Bauteilperformance zu erreichen. 
Die vorliegende Arbeit konzentriert sich auf die Beziehung zwischen Molekülstruktur und 
optoelektrischer Eigenschaften von Carbazol/Dibenzothiophen-Derivaten. Die Untersuchung 
umfasst sieben dieser Derivate für den Wirt, bei denen die Carbazoleinheit als Donator und die 
Dibenzothiopheneinheit als Akzeptor fungiert, wobei beide durch einen oder mehrere 
Phenylabstandshalter verbunden sind. Diese Wahl der Wirtsmaterialien erlaubt es den Einfluss 
der erweiterten Phenylabstandshalter und der unterschiedlichen molaren Verhältnisse von 
Akzeptor zu Donator zu untersuchen. Es ergab sich, dass eine kürzere 
Phenylabstandshalterlänge die Bauteilperformance durch eine größere Löcher- und 
Elektronendichte in der Emitterschicht verbessert; und ein 1:1 Carbazol-zu-Dibenzothiophen-
Verhältnis der Bauteilperformance zuträglich ist, da es zu einem Ladungsträgergleichgewicht 
in der Emitterschicht führt. Diese Arbeit zeigt, unter Verwendung dieser Wirtsmaterialien, 
blaue FIrpic-basierte phosphoreszierende OLEDs (PhOLEDs) und grüne 4CzIPN-basierte 
thermisch aktivierte verzögerte Phosphoreszenz (TADF) OLEDs. Die blauen PhOLEDs und 
grünen TADF OLEDs mit mDCP zeigten Effizienzen von 43 cd/A (18.6%) beziehungsweise 
66 cd/A (21%). 
Stichwörter: phosphoreszierende organische lichtemittierende Dioden, thermisch aktivierte 
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DSC              differential scanning calorimetry 
EA                electron affinity 
EML             emission layer  
EQE              external quantum efficiency 
ETL              electron transport layer 
EIL               electron injection layer 
FWHM         full-width-at-half-maximum 
HIL               hole injection layer 
HOMO          highest occupied orbital 
HTL              hole transport layer 
IE                  ionization energy 
LUMO          lowest unoccupied molecular orbital 
OLEDs         organic light emitting diodes 
PhOLEDs     phosphorescent organic light emitting diodes  
PL                 photoluminescence 
SCLC           space charge limited current 
TADF           thermally activated delayed fluorescence 
TGA             thermogravimetric analysis 
UPS              ultraviolet photoelectron spectroscopy 
UV-Vis         ultraviolet and visible 
XPS               X-ray photoelectron spectroscopy 
Evac                       vacuum level 
S0                  the ground state 
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S1                  the lowest excited singlet state 
T1                  the lowest excited triplet state 
𝜂ext               external quantum efficiency  
ηint   internal quantum efficiency 
 
List of Chemical Names 
4CzIPN         1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene 
Al                  aluminum 
Ag                 silver 
CBP              4,4′-bis(9-carbazolyl)-2,2′-dimethyl-biphenyl 
HAT-CN       hexaazatriphenylene hexacarbonitrile 
FIrpic            iridium (III) bis [4, 6-di-fluorophenyl-pyridinato-N, C2'] picolinate 
ITO               indium tin oxide  
Liq                lithium quinolate  
MoO3            molybdenum oxide 
mBPDBT      3,3'-bis(dibenzo[b,d]thiophen-4-yl)-1,1'-biphenyl 
mCBP           3,3-di(9H-carbazol-9-yl) biphenyl 
mDCBP        9-(3'-(dibenzo[b,d]thiophen-4-yl)-[1,1'-biphenyl]-3-yl)-9H-carbazole 
mDCP           9-(3-(dibenzo[b,d]thiophen-4-yl)phenyl)-9H-carbazole 
mDCTP         9-(3''-(dibenzo[b,d]thiophen-4-yl)-[1,1':3',1''-terphenyl]-3-yl)-9H-carbazole 
mD2CBP       9-(3',5'-bis(dibenzo[b,d]thiophen-4-yl)-[1,1'-biphenyl]-3-yl)-9H-carbazole  
mDC2BP       9,9'-(3'-(dibenzo[b,d]thiophen-4-yl)-[1,1'-biphenyl]-3,5-diyl)bis(9H-carbazole) 
PEIE              polyethylenimine ethoxylated 
TAPC            di-[4-N,N-ditolyl-amino-phenyl] cyclohexane 
TCTA            4,4',4''-tris(N-carbazolyl)-triphenylamine 




Chapter 1  
Introduction 
Electroluminescence is a phenomenon characterized by the luminescence generated by 
electrical excitation. Electroluminescence from an organic semiconductor was first reported in 
the 1950s via a cellulose film doped with acridine orange [1], and was developed further using 
an anthracene single crystal sandwiched between two electrodes in the 1960s [2]. This 
investigation involved the basic processes of organic electroluminescence: charge carrier 
injection from two electrodes, charge carrier transporting, exciton formation in the 
recombination zone, and radiative decay of the exciton. However, there was no possible 
application of this technology due to its poor device performance. Advancement in organic 
electroluminescence was spurred on in 1987 by Tang and Van Slyke, who demonstrated an 
efficient organic light emitting diodes (OLEDs) with a single heterojunction structure [3]; 
another notable breakthrough was the discovery of electroluminescence from polymer 
materials at the University of Cambridge in 1990 [4]. After that, OLEDs had shown 
considerable potential for flat panel displays and lighting source applications due to several 
advantages over other similar techniques, including low power consumption, low weight, high 
luminous efficiency, full-color capability, wide viewing angle, high contrast, and the use of 
non-toxic metals. There are several OLEDs flat-panel displays and lighting products available 
in the current market. For example, since 2014, Samsung and Apple have both used OLEDs 
displays in the Galaxy Note Edge and Apple Watch, respectively. In 2015, LG Display unveiled 
a 55-inch OLED TV that was only 1 mm thick and weighs only 1.9 kg. Despite the remarkable 
progress that has been made, there are still many further research may lead to further 
improvement of OLEDs performance.  
Under the electrical excitation in OLEDs, the external quantum efficiency (EQE) is 





𝜂𝑒𝑥𝑡 = 𝜂C𝜂int = 𝜂C×𝑟st×Фf×𝛾                                           (1.1) 
where 𝜂ext  is the external quantum efficiency, defined as the number of emitted photons 
divided by the number of injected charge carriers; 𝜂C is the fraction of photons that can escape 
from the device (typically 20-30% with flat glass substrates) [6-8]; 𝜂int is the internal quantum 
efficiency, defined as the number of photons produced within the device divided by the injected 
charge carriers; 𝑟st is the probability that radiative decay will occur; and Ф𝑓 is the fluorescent 
quantum efficiency or the fraction of excitons that can undergo radiative decay. In a high 
performance organic emitter, Ф𝑓 can approach nearly 100%. And 𝛾 is the probability that holes 
and electrons recombine to form excitons to maximize 𝛾 (i.e. ensure a highly efficient device), 
an appropriate balance between two types of charge carriers is necessary. That said, each of 
these parameters represents an individual route toward device optimization (as will be 
discussed later in this thesis). 
Under electrical excitation, charge recombination in the emitting layer produces singlet and 
triplet excitons with a ratio of 1:3, i.e., 25% singlet excitons and 75% triplet excitons. 
According to the spin statistics, conventional fluorescent OLEDs can only harvest singlet 
excitons (25% of the formed excitons). All triplet excitons (75% of the formed excitons) decay 
non-radiatively. Thus the maximum internal quantum efficiency of conventional fluorescent 
OLEDs is only 25%.  
Several approaches have been proposed to harvest the triplet excitons to improve OLEDs 
efficiency. Efficiency can be significantly increased by introducing of transition heavy metal 
atoms (usually platinum, osmium, or iridium) into organic molecules in phosphorescent 
OLEDs (PhOLEDs) [9-11]. For phosphorescent emitters (phosphors), the singlet excitons can 
be fast and efficiently converted to triplet excitons via intersystem crossing process, then all 
triplet excitons can exhibit radiative decay to the ground state (T1→S0 transition) due to the 
spin-orbital coupling effect of the heavy central metal [11]. Another successful route to 
harvesting triplet excitons is based on the thermally activated delayed fluorescence (TADF) 
mechanism. Generally, in TADF emitters, the triplet excitons can be converted into singlet 
excitons via thermally activated reverse intersystem crossing due to small electron exchange 
energy (singlet-triplet splitting), then all singlet excitons are possible to emit either prompt 
fluorescence or delayed fluorescence  [12]. Both phosphors and TADF emitters are able to 
approach an internal quantum efficiency of 100% [9, 13-15].  
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Generally, the efficient PhOLEDs and TADF OLEDs contain a doped emitting layer, which 
consists of a dopant that is dispersed in a suitable host matrix to avoid unwanted triplet exciton 
quenching, such as: triplet-triplet annihilation, triplet-polaron quenching and concentration 
self-quenching [16-18]. Meanwhile, the high energy host donors transfer the excitons to the 
high efficiency dopant acceptors through the Fӧrster or Dexter mechanism, resulting in highly 
efficient emission from the dopant. To this effect, the host materials play a key role in the 
overall performance of the OLEDs.  
In principle, an ideal host material possesses certain criteria: first, as the major component 
of the emitting layer, the highest occupied orbital (HOMO) and lowest unoccupied molecular 
orbital (LUMO) levels of host materials must be matched with the adjacent layers and emitters 
to ensure effective charge injection. The HOMO level of the host materials should be deeper 
than that of the emitters, while the LUMO level of the host materials should be shallower than 
that of the emitters. Then, both the singlet or triplet energies of the host should be higher than 
that of the dopant to guarantee efficient forward energy transfer from the host to the dopant 
and to confine the excitons on the dopant. For the host materials in blue OLEDs, triplet energy 
(T1) higher than 2.6 eV is preferred because the lowest triplet energy of a typical sky blue triplet 
emitter is 2.6 eV. In addition, good charge carrier transport properties are another important 
consideration for host materials since positive and negative charge carriers are required to be 
balanced in OLEDs to secure high device efficiency and low device efficiency roll-off. In 
addition to these host material criteria, good thermal stability, simple structure, and ease of 
preparation are necessary for industrial manufacture. Developing host materials which can 
maximize the light-emitting performance of phosphors and TADF emitters, thus, is a rather 
popular research object.  
The host materials for PhOLEDs and TADF OLEDs have several requirements in common, 
however, the two different emitters have different HOMO/LUMO levels and singlet/triplet 
energies, which make it challenging to develop highly efficient PhOLEDs and TADF OLEDs 
with the same host material. In the search for such high-efficiency host materials, organic 
chemists have focused on a limited range of units. In terms of the classic hole transporting host, 
carbazole is an important constructing unit in host material design since the report of 4,4′-bis(9-
carbazolyl)-2,2′-dimethyl-biphenyl (CBP) [19]. The strong electron donating nature endows 
the carbazole derivatives with decent hole mobility, and the T1 of carbazole is 3.0 eV, leaving 
several possibilities for structural modification. To obtain high triplet energy for blue hosts, 
carbazole derivatives are given fewer conjugative configurations such as twist linkage or non-
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conjugative linkage [20-28]. Recently, another heterocyclic unit similar to carbazole, 
dibenzothiophene was utilized for constructing host material. It also has high T1 (3.04 eV), like 
carbazole, but less electron donating capability. Dibenzothiophene containing host materials 
have more neutral molecular structure compared to carbazole derivatives, exhibit high triplet 
energies (> 2.7 eV), and have shown excellent device performance in PhOLEDs and TADF 
OLEDs [29-33]. 
This thesis focuses mainly on the differences in physical properties between carbazole and 
dibenzothiophene units and the structure-property relationships of carbazole/dibenzothiophene 
derivatives, including thermal stability, photo-physical properties, electrical properties, and 
device performance in blue PhOLEDs and TADF OLEDs.  
The remainder of this thesis is organized as follows. Chapter 2 contains a review of the basic 
physics of organic semiconductor materials, including the excited states in organic molecular 
and inter-molecular energy transfer, which are critical for a comprehensive understanding of 
this work. The history and general device physics of OLEDs are then reviewed, followed by a 
discussion on the two kinds of high-performance OLEDs mentioned above, PhOLEDs and 
TADF OLEDs.  
In Chapter 3, the principles of the experimental methods (thermal vacuum evaporation and 
spin coating) are described. Additional experimental analysis methods and facilities such as 
differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), 
photoluminescence (PL) spectroscopy, ultraviolet and visible (UV-Vis) absorption 
spectroscopy, and transient photoluminescence decay (transient PL decay) are also covered. 
The experimental setups, sample preparation procedures, and data processing procedures are 
explained. Furthermore, the materials used in this work (including organic materials, electrode, 
and substrates) are outlined at the end of this chapter. 
Chapter 4 presents and discusses the experimental results. This chapter is divided into three 
parts corresponding to three different host molecule systems. In Chapter 4.1, a high 
performance host material, 9-(3'-(dibenzo[b,d]thiophen-4-yl)-[1,1'-biphenyl]-3-yl)-9H-
carbazole (mDCBP), which combines a strong electron-donating carbazole moiety and a 
weaker electron-donating dibenzothiophene moiety was investigated; its thermal, 
photophysical and electrical properties were characterized in detail as well as the device 
performance of blue PhOLEDs and green TADF OLEDs based on it. All of the 
characterizations were comparatively analyzed with corresponding carbazole or 
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dibenzothiophene counterparts bearing the same molecular configuration with well-established 
properties. 
Chapter 4.2 discusses how the linking spacer between carbazole and dibenzothiophene 
moieties affect their optical and electrical properties. The thermal, photophysical, and electrical 
properties two new host materials are comprehensively investigated: 9-(3-
(dibenzo[b,d]thiophen-4-yl)phenyl)-9H-carbazole (mDCP) and 9-(3''-(dibenzo[b,d]thiophen-
4-yl)-[1,1':3',1''-terphenyl]-3-yl)-9H-carbazole (mDCTP), with carbazole and 
dibenzothiophene groups connected by extended phenyl spacers. Thermal stability increased 
with the extended phenyl spacer while photophysical properties were unaffected. The device 
performance of blue PhOLEDs and green TADF OLEDs based on both materials were detailed 
investigated and good device performance were obtained. With the extended phenyl spacer, 
the device performance slightly decreased. 
Chapter 4.3 elucidates the structure-function relationship of the number and ratio of 
carbazole to dibenzothiophene moieties. Two host materials are investigated: 9-(3',5'-
bis(dibenzo[b,d]thiophen-4-yl)-[1,1'-biphenyl]-3-yl)-9H-carbazole (mD2CBP) and 9,9'-(3'-
(dibenzo[b,d]thiophen-4-yl)-[1,1'-biphenyl]-3,5-diyl)bis(9H-carbazole) (mDC2BP), with 
different carbazole to dibenzothiophene groups ratios connected by biphenyl spacers. Their 
thermal, photophysical and electrical properties were characterized in detail. And gain, the 
device performance of blue PhOLEDs and green TADF OLEDs based on them were 
characterized in detail. A 1:1 ratio of carbazole to dibenzothiophene moieties in this series of 
host materials resulted in the best performance of PhOLEDs and TADF OLEDs. 
Chapter 5 provides a summary of this work as well as a brief discussion on the outlook of 






    This chapter introduces the physical fundamentals necessary for this thesis. First, a brief 
introduction into the basic physics of small molecule organic semiconductors is given; the basic 
working principles of organic light emitting diodes are then presented, followed by an 
illustration of two notable types of high-performance OLEDs: PhOLEDs and TADF OLEDs.  
2.1 Basic physics of organic semiconductors 
Organic semiconductors have garnered a great deal of research interest in developing 
efficient opto-electronic devices, as they have been shown to play a major role in overall device 
performance. There are two classes of organic semiconductors: low molecular weight materials 
and polymers. The process for fabricating thin films differs based on which class of materials 
are utilized: thermal evaporation technique in a vacuum chamber is common for low molecular 
weight material deposition, while spin coating and print techniques are common for polymers 
[34]. 
In general, the molecular of these materials are mainly comprised of carbon atoms and the 
chemical bonds are mainly determined by the electronic configuration of the basis atomic 
carbon in the ground state [34]. In addition to carbon, other frequently employed heteroatoms 
are sulphur, nitrogen, and oxygen. A carbon atom has six electrons in the ground state 
(1s22s22p2), two of them are in an inner core shell and other four are in an outer shell. Only the 
electrons in the outer 2s and 2p orbitals are the valance electrons which can form hybrid orbitals 
sp3 (1s22s22pxpypz), sp2, and sp [35].  
Generally, carbon-carbon bonds in the organic molecules are either described as σ-bonds or 
π-bonds [36]. A σ-bond resulting from the formation of a molecular orbital by the end-to-end 
overlap of atomic orbitals and a π-bond resulting from the formation of a molecular orbital by 
side-to-side overlap of atomic orbitals lie along a plane perpendicular to a line connecting the 
nuclei of the atoms. This is exemplified in Figure 2.1 with an example ethene (H2C=CH2), in 





Figure 2.1: (a) Molecular structure; (b) illustration of σ- and π- bonds; and (c) energy levels in 
a double-bonded ethane molecule, adopted from the literature [36].  
     Due to the strong overlap, σ bonds generally make stronger chemical bonds than π-bonds. 
The delocalized electron clouds mainly above and below the plane of the atoms form the π-
bond. Negatively charged π-clouds on either side of the symmetry plane are compensated by 
the positive charges of the atomic nuclei in the molecular plane. As a result, there are two 
opposite dipoles pointing toward the centered molecular plane canceling the dipole moment. 
This results in quadrupolar and higher order moments. In ground states, all orbitals are fully 
filled with electrons up to the HOMO level, and all orbitals are empty from the lowest LUMO 
level. Thus, the HOMO and LUMO levels are given by π and π*, respectively [37]. For organic 
molecules, the σ bonds are the stronger chemical bonds which predominantly determine the 
chemical properties, while the delocalized π electron system is mainly responsible for the 
electrical and optical properties of the materials [34, 38].  
2.1.1 Excited states in organic molecules 
By the excitation (e.g., optical excitation) of the organic molecule, an electron from the 
HOMO level is lifted into the LUMO level, leaving a positively charged hole in the HOMO 




as an exciton [39]. Due to weak intermolecular van der Waals forces  and strong Coulomb 
coupling, these excitons are strongly localized in a single molecule as Frenkel exciton and with 
a binding energy of 0.1 eV to 1 eV [38-41]. Excitons can also be formed by the recombination 
of electrons and holes under electrical excitation, where electrons and holes approach the 
HOMO and LUMO levels of molecules, respectively.  
Both electrons and holes have a spin quantum number of s=1/2, which leads to a total exciton 
spin of S=0 (antiparallel spins) or S=1 (parallel spins). According to the multiplicity M=2S+1, 
electrons with antiparallel spin occupy a singlet state (M=1) and electrons with parallel spin a 
triplet state (M=3). In a two particles system, the spin wave function of the particles with the 
spin can be written as follows [34, 42]: 
Table 2.1 Possible spin states for two paired electrons 
 
Here, electrons are represented by α and β, ↓ and ↑ symbols are the possible spin states of each 
electron, and S and Ms are the total and magnetic spin quantum numbers, respectively. There 




Figure 2.2: Optical transitions of a single molecule depicted in a Jablonski diagram. Non-
radiative processes (internal conversion and intersystem crossing) are marked by dashed lines.   
A useful approach to understanding the excitation and emission process in molecules was 
first established by Alexander Jablonski in the 1930s, as depicted in Figure 2.2 [43-46]. The 
diagram schematically displays the singlet ground state S0, the first two excited singlet states 
S1 and S2, the first two excited triplet states T1 and T2, and the corresponding vibrational modes. 
This diagram represents the possible processes within an organic molecule: photon absorption, 
internal conversion, fluorescence, intersystem crossing, delayed fluorescence, and 
phosphorescence.  
Absorption     
    The ground state (S0) of an organic molecule is a singlet state, because all electrons are 
paired and have opposite spin orientations (a total spin quantum number S=0) according to 
Pauli’s exclusion principles [39]. When talking about the ground state, a molecule may still 
have sub-level of S0 with excess vibrational and rotational energy. By absorption of a photon 
with an energy larger than the HOMO-LUMO energy difference, an electron which is 
originally placed on the S0 is excited to a higher singlet state S1, S2 …Sn according to the Frank-
Condon principle [34]. This absorption process occurs very rapidly (~10-15s) compared to other 
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processes [44]. The molecule is then said to be in an excited state. All absorbed energy is 
eventually relaxed, and vibrational relaxation and radiative decay are the chief ways that the 
molecule returns to the low-energy ground state. 
Internal conversion 
Internal conversion is a non-radiative transition between two electronic states of the same 
spin multiplicity. When an organic molecule is excited to an energy level higher than the lowest 
vibrational level of the first electronic state, the higher vibrionic state within S1 relaxes to the 
lowest vibrational level of S1 state through vibrionic relaxation, while higher energy singlet 
states such as S2…Sn relax to the lowest vibrational level of the S1 state via non-radiative 
internal conversion processes under Kasha’s rule [47]. From S1, internal conversion to S0 is 
possible but is less efficient than conversion from S2 to S1 due to the much larger energy gap 
between S1 and S0.  
Fluorescence 
On the left side of the diagram (Figure 2.2) are the singlet states, denoted as S0, S1, S2 …Sn. 
These states maintain the paired +1/2 and -1/2 spin states of the electrons, with each electron in 
a pair having opposite spins. S1, S2, and Sn are excited singlet states in which an outer electron 
of the molecule is boosted into a different orbital. S2 contains more energy than S1 and S1 
contains more energy than the ground state. The S1 state can be generated by direct S0→S1 
excitation or by intersystem crossing S2→S1. The relaxation from S1 to S0 (spin-allowed 
transition) with radiative emission is called fluorescence. These emitters, which emit solely 
from the singlet state, are called fluorescent emitters.  
    The transitions from S1 to ground state are not necessarily radiative; they can also occur non-




                                                                   (2.2) 
where 𝑘𝑟 and 𝑘𝑛𝑟 are the radiative and non-radiative transition rates, respectively.  
    Due to vibrational relaxation in the excited state (energy loss), the fluorescence spectrum is 
located at higher wavelength (lower energy) than that of absorption spectrum, as shown in the 
Franck-Condon diagram (Figure 2.3) [48]. The gap (expressed in wavelength) between the first 
absorption band and first fluorescence peak is called Stokes shift. In room temperature, the 
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absorption spectrum partly overlaps the fluorescence spectrum; because a small fraction of 
molecules is in a vibrational level higher than level 0 in the ground state as well as in the excited 
state. 
 
Figure 2.3: Schematic Franck-Condon diagram, adopted from the literature [48].  
Intersystem crossing 
    Intersystem crossing is a non-radiative transition between two electronic states with different 
spin multiplicities. Fluorescence emission is not the only way for singlet excited states to relax 
their energy. In many organic molecules, the triplet state’s vibrational energy levels overlap 
with the energy level of Sn. An excited molecule in the Sn state can move to the vibrational 
level of excited triplet states (Tn), or conversely, Tn can move to Sn [43]. 
Phosphorescence 
On the right side of the diagram (Figure 2.2) are the triplet states, denoted as T1, T2...Tn. 
Because the transition probability of direct excitation from S0→T1 is quite small, the lowest 
triplet states are produced through intersystem crossing from S1→T1 transitions. The higher 
energy triplet states such as T2…Tn can also relax to the T1 state via non-radiative internal 
conversion. From quantum theory, transitions between triplet states and ground state (which is 
singlet state) are, in principle, forbidden; therefore, the triplet state is mainly deactivated by 
internal non-radiative relaxation. However, by utilizing heavy metal atoms (e.g. platinum, 
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osmium, or iridium), it is possible to induce spin-orbit coupling and increase intersystem 
crossing rate between the singlet and triplet states. The relaxation from T1 to S0 with radiative 
emission is called phosphorescence (T1→S0+hν), and the emitters are called phosphors [11]. 
The phosphorescence spectrum is located at a higher wavelength than that of fluorescence, 
because the energy of the lowest excited triplet state is lower than that of the lowest excited 
singlet state. 
Under high concentration conditions, a collision between two molecules in the T1 can 
provide enough energy to promote one of them into the excited singlet state (Sn), which can 
ultimately undergo radiative decay. This up-conversion process, called triplet-triplet 
annihilation (TTA), can lead to a delayed fluorescence emission [49]. In a fluorescent system, 
the TTA process may enhance the device performance [50, 51]. In a phosphorescent system, 
any singlet exciton formed during the TTA process can quickly transfer back into a radiative 
triplet state via intersystem crossing, however, at least one triplet exciton will be lost in the 
process, thus significantly degrading the device performance. A molecule in T1 can absorb 
another photon at a different energy because triplet-triplet transitions are spin allowed. These 
transitions can be observed when the population of molecules in the triplet state is sufficiently 
large. 
Thermally activated delayed fluorescence 
    Reverse intersystem crossing Tn to Sn can occur when the energy difference between T1 and 
S1 (ΔEst) is small and when the lifetime of T1 is sufficiently lengthy. This results in an emission 
with the same spectrum as normal fluorescence but with a much longer lifetime, because the 
molecules remain in the triplet state before emitting from S1 [52]. Because this fluorescence 
emission is thermally activated, the efficiency generally increases as temperature increases. 
2.1.2 Intermolecular energy transfer 
    When a molecule is in an excited state, monomolecular deactivation is not the only way to 
relaxes to the ground state; it can also transfer the energy to neighboring molecules. This 
process is referred as  
   𝐷∗ + 𝐴 → 𝐷 + 𝐴∗                                                            (2.3) 
where D is the donor molecule providing energy; and A is the acceptor molecule harvesting 
energy. Energy transfer between organic molecules can be classified into radiative and non-
radiative energy transfer. Non-radiative energy transfer can take place via dipole-dipole 
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interactions (Fӧrster transfer) and electron exchange (Dexter transfer), as discussed below. 
Reabsorption 
    Radiative energy transfer is a two-step process: radiative relaxation of the donor and 
followed by re-absorption of this photon by acceptor. This is expressed as follows: 
𝐷∗ ⟶ 𝐷 + ℎ𝜐 
𝐴 + ℎ𝜐 ⟶ 𝐴∗                                                           (2.4) 
where hυ is the photon energy. The interaction radius of the reabsorption process is in the range 
of more than 10 nm. For the realization of efficient OLEDs, it is necessary to prevent the re-
absorption of emitted light. Fortunately, due to the strong Stokes shift in organic 
semiconductors, this process is mostly negligible during the use of organic emitters in OLEDs 
[39]. 
Fӧrster transfer 
The energy released from an excited donor can simultaneously excite the ground-state 
acceptor based on the Coulomb interaction between these two molecules (Figure 2.4). This 
direct energy transfer process is called as Fӧrster transfer [53], and it is based on a dipole-
dipole electromagnetic interaction which consequently depends on the overlap between 
acceptor’s absorption spectrum and the donor’s emission spectrum. The energy transfer 
efficiency is proportional to r-6 and expressed as follows [53]: 





                                                         (2.5) 
where 𝐸  is energy transfer efficiency, r is donor-acceptor distance, and 𝑟0  is the Fӧrster 
distance of donor and acceptor pair at which 𝐸=0.5. This process occurs in several nanometers 
(up to ~ 10 nm). The spin conservations of both donor and acceptor must be obeyed in this 
process. And only the singlet-singlet interaction is very efficient in Fӧrster transfer: 
𝐷S
∗ + 𝐴S → 𝐷S + 𝐴S
∗                                                             (2.6) 
where the “S” marks the spin of the excited state. 
Dexter transfer 
The process based on electron exchange between two neighboring molecules is called Dexter 
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transfer [54]. In this energy transfer process, electron exchange is dependent on the orbital 
overlapping of donor and acceptor (Figure 2.4), so the transfer rate decays exponentially as the 
distance of donor-acceptor increases. Thus, this energy transfer is a short-range process 
(typically ~1 to 3 nm). Furthermore, only the total spin of donor and acceptor must be 
conserved, so both singlet and triplet transfer can be realized in this process, as shown in the 
following expressions: 
                                                      𝐷𝑆
∗ + 𝐴𝑠 → 𝐷𝑆 + 𝐴𝑆
∗  
                                                      𝐷𝑇
∗ + 𝐴𝑇 → 𝐷𝑇 + 𝐴𝑇
∗                                                             
(2.7) 
where the “S” and “T” mark the spin of the excited state. 
Exciton Diffusion 
Excitons in an amorphous organic layer are strongly localized on individual molecules. 
Although they cannot move freely, they can still move in a series of uncorrelated hopping steps 
by means of Fӧrster or Dexter transfer from molecule to molecule [55]. In most OLEDs, the 
exciton generation zone is at an interface between two layers and can be assumed to be very 
thin. The excitons have limited diffusion length 
𝐿𝐷 = √𝐷𝜏                                                                    (2.8) 
where 𝐿𝐷 is the diffusion length; 𝐷 is the diffusion coefficient; and 𝜏 is exciton lifetime. Triplet 
excitons can have a much larger diffusion length (tens of nm) than singlet excitons (<10 nm) 
due to their longer lifetime [56]. When triplet concentration is high, the exciton diffusion length 
is significantly reduced by the TTA process. Specific organic compounds have different 





Figure 2.4: Schematic diagram of Fӧrster transfer in singlet-singlet and Dexter transfer in 
singlet-singlet and triplet-triplet energy transfer. Notes: The electrons remain at the same 
molecule in Fӧrster transfer while the electrons of two molecules are exchanged in Dexter 
transfer; electron transition is indicated by dotted arrows; and the “S” and “T” mark the spin of 
the excited state.  
2.2 Organic light-emitting diodes 
2.2.1 OLEDs evolution 
Electroluminescence is a phenomenon where light emission is generated by electrical 
excitation. Electroluminescence from organic materials was first discovered in 1953 using a 
cellulose film doped with acridine orange [1], and was developed using an anthracene single 
crystal sandwiched between two electrodes in 1963 [2]. This investigation involved the basic 
process of organic electroluminescence: charge carrier injection from two electrodes, charge 
carrier transport, exciton formation in the recombination zone, and radiative decay of exciton. 
The operate voltage was as high as 400 V and the thickness of crystals was about 10-20 μm. In 
an attempt to reduce the drive voltage, Vincett et al. used thin organic films (about 0.6 μm) 
prepared by vacuum vapor deposition, and the visible electroluminescence in a normal room 
lighting was obtained at applied voltage as low as 30 V [57]. Several drawbacks (e.g., low light 
output efficiency, poor stability) make these early devices rather impractical.  
In 1987, a thin film organic device with sandwiched structure was constructed by Tang and 
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VanSlyke from Kodak Inc. It comprised tris(8-hydroxyquinoline)aluminum (Alq3) as an 
electron transporting and emissive layer and diamine as a hole transporting layer [58]. The 
novel design achieved a good balance of the charge carriers in the emitting layer and high 
brightness (> 1000 cd/m2, suitable for commercial display) at a driving voltage below 10 V.  
Electroluminescence from conjugated polymer was first reported by the Cambridge group in 
1990 [59], using poly(p-phenylene vinylene) (PPV) as the active layer between metallic 
electrodes. The reasonably high efficiency, low driving voltage (below 14 V) and simple 
fabrication process suggested that these polymers would also be readily commercialized for 
display and lighting applications. Indeed, since then, they have received increasing research 
attention due to their potential use in flat-panel displays and illumination sources. In 1993, 
Kido and co-workers developed the first white OLEDs with three emitting layers. White light, 
over 2000 cd/m2, nearly as bright as a fluorescent lamp was achieved at a drive voltage of 15-
16 V [60]. In 1998, Forrest and Baldo reported the discovery of phosphorescent emitters 
2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphine platinum(II) (PtOEP) in OLEDs which 
provided a significant boost in device efficiency [11]. By the end of the 1990s, OLEDs had 
entered the commercialization stage and were generally considered to be promising candidates 
for the next generation of flat-panel displays and illumination sources [61, 62]. Very recently, 
in 2012, Adachi’s group developed a series of innovative TADF emitters  based on carbazolyl 
dicyanobenzene (CDCB) to harvest triplet excitons for fluorescence through facilitated reverse 
intersystem crossing (T1→S1 transition), thus leading to an internal quantum efficiency in 
excess of 90%, which was comparable to that achieved from high-efficiency PhOLEDs [12].  
OLEDs already meet the requirements for commercial flat panel display application, they 
merit further research to eliminate certain persistent drawbacks in their design, engineering, 
and fabrication [63-66]. In particular, a fundamental and universal understanding of the 
working principle of OLEDs is the crucial prerequisite for the success of OLEDs technology 
in the future. 
2.2.2 Operation mechanism 
The general structure of OLEDs consists of a sequence of organic layers between two 
electrodes. Figure 2.5 illustrates the architecture of a typical bottom-emitting OLEDs, which 
consists of a transparent metal oxide anode, hole injection layer (HIL), hole transport layer 





Figure 2.5: Layer sequence of OLEDs with separate hole, electron injection, and transport 
layers. 
    The basic physical processes in typical OLEDs can be roughly divided into four steps, as 
depicted schematically in Figure 2.6. For simplicity, the spatial variation of the molecular 
energy levels is drawn in a band-like fashion, however, we have to bared in mind that the 
organic molecules are in actuality disordered materials without a well-defined band structure. 
The four steps are as follows: 
1) Charge carrier injection from the electrode;  
2) charge carrier transport towards the opposite electrode;  
3) exciton formation due to the coulomb interaction;  
4) radiative decay of excitons. 
 
Figure 2.6: Schematic energy level diagrams of OLEDs and basic steps of EL. 1) charge carrier 
injection; 2) charge carrier transport; 3) exciton formation; and 4) radiative exciton decay. 
Energy level alignment 
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Metal-organic and organic-organic interfaces play an important role in charge carrier 
injection and transport through OLEDs. Before discussing these interfaces, several additional 
parameters should be defined [67-69]. The vacuum level (Evac) is the minimum potential energy 
of a free electron which is not in a bound state of the molecule or solid material. The Fermi 
level (EF) is the energy up to which all states of a metal are occupied by electrons at absolute 
zero. The work function (WF) is the difference between EF and the vacuum level. The electron 
affinity (EA) is the amount of energy released when an electron is added to a neutral atom or 
molecule in the gaseous state to form a negative ion, and in the solid state material, this refers 
to the energy difference between LUMO and Evac. The minimum energy required to eject an 
electron from the HOMO level into vacuum is called ionization energy (IE). 
 
Figure 2.7: Schematic energy level diagrams for interface between electrodes and organic 
materials. (a) Separated; (b) low work function contact; and (c) high work function contact. 
When the electronic property of MO interface was first explored, it was generally assumed 
that they follow the rules of commonly known inorganic MO interfaces: namely the Schottky-
Mott limit. According to this rule, the hole injection barrier (Фh) and electron injection barrier 
(Фe) can be pre-calculated once the properties of the separated constituents are known. 
Subsequent work on a wide variety of MO interfaces proved that the situation is more complex. 
Usually, an interface dipole is formed leading to a shift of the vacuum level compared to the 
separated constituents [68]. This interface dipole is caused by rearrangement of the electron 
density distribution at the metal/molecule surface. A qualitative image of the interface 




Figure 2.8. Schematic energy level diagrams of organic/organic interfaces: (a) with flat energy 
levels in both organics; (b) with an interfacial dipole and no energy level bending; (c) with 
energy level bending but no interfacial dipole; and (d) with an interfacial dipole and energy 
level bending. 
 
metal interactions are shown in Figure 2.7. Фh and Фe can be changed by the vacuum energy 
shift ΔФ, thus the high work function metal electrode is used for hole injection and the low 
work function metal electrode is used for electron injection. 
The charge carrier injection process at the organic/organic interface is well known to have 
great influences on the performance of organic optoelectronic devices. As shown in Figure 2.8, 
it is generally believed that the organic/organic heterointerfaces commonly forms vacuum level 
alignments, this energy level alignment is attributed to the weak intermolecular and 
intramolecular Van der Waals interactions between organic materials. Therefore, the charge 
carrier injection barriers can be calculated by using the following equations: 
𝜙ℎ = |𝐼𝐸𝑚1 − 𝐼𝐸𝑚2| 
𝜙𝑒 = |𝐸𝐴𝑚1 − 𝐸𝐴𝑚2|                                                    (2.9) 
where 𝛷h and 𝛷e are hole and electrons injection barriers, respectively; IE and EA are the 
ionization energy and electron affinity, respectively; and the subscript “m1” and “m2” mean the 
organic material 1 and organic material 2, respectively. However, in the most of cases, the 
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presence of interfacial dipoles and energy level bending tends to result in a discontinuity of the 
vacuum level at the O/O interface (as shown in Figure 2.8 b-d) [68-70]. As a result, the 
interfacial energy barriers have to be modified as   
𝜙ℎ = |𝐼𝐸𝑚1 − 𝐼𝐸𝑚2 − ∆𝛷 − ∆𝐵𝐵| 
𝜙𝑒 = |𝐸𝐴𝑚1 − 𝐸𝐴𝑚2 − ∆𝛷 − ∆𝐵𝐵|                                      (2.10) 
where IE and EA are the ionization energy and electron affinity, respectively;  𝛷  is the 
interfacial dipole; and BB is the energy level bending at the interface, the subscript “m1” and 
“m2” mean the organic material 1 and organic material 2, respectively. Note that the energy 
barrier would be underestimated if the  𝛷 and BB are not taken into consideration. However, 
in an experimental measurement, usually it is difficult to quantitatively predict the magnitude 
of dipoles and energy level bending, due to manifold factors that contribute to the formation of 
O/O interfacial energy level alignments, including the molecular orientations, density of gap 
states, substrate effects, et all. 
Charge carrier injection from electrode 
The active organic layers are sandwiched between a high work function anode and a low 
work function cathode. At least one of the electrodes must be transparent to allow light to be 
emitted from the device. If an external voltage is applied between the two electrodes, electrons 
are injected from the cathode into the ETL LUMO beyond a threshold 𝛷𝑒 and holes are injected 
into the HTL HOMO from the anode beyond a threshold voltage 𝛷ℎ . The charge carrier 
injection into the organic layers is determined by the interface formed between the electrode 
and the organic layer. Early models were adapted from inorganic semiconductor injection 
theory such as Schottkey injection and Fowler-Nordheim field emission, while more recent 
theories generally assert that the injection current from a metal electrode into an organic 
semiconductor can be adapted from equations for Schottky contacts for inorganic 
semiconductors [71]. To get injected, charge carriers have to get across the energy barrier 
between the work function of the electrode and the HOMO or LUMO levels of the organic 
semiconductor (depending on hole or electron injection). The current density J across this 
energy level is given by:  
 
𝐽 = 𝐽0 [𝑒𝑥𝑝 (
𝑞𝑉
𝑛𝑘𝑇
) − 1]                                                  (2.11) 
where 𝐽0  is the saturation current density, 𝑞  is the elementary charge, 𝑉  is the applied 
voltage, 𝑛 is the ideality factor, and 𝑇 is the temperature. For the saturation current density, it 
is assumed that the charge carriers from the electrode can be injected once acquiring sufficient 
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thermal energy to pass the injection barrier. Many studies have found close agreement between 
experimental data and the thermionic emission mode [72-74], where the saturation current 





)                                                    (2.12) 
where 𝐴∗  is the effective Richardson constant, given by  𝐴∗ = 4𝜋𝑞𝑚∗𝑘2/ℎ3 ( 𝑚∗  is the 
effective charge carrier mass, k is the Boltzmann constant, and h is Planck constant), 𝑇 is the 
temperature, 𝑘 is the Boltzmann constant, and  𝛷𝐵 is the injection barrier for charges (𝛷𝑒 𝑜𝑟 𝛷ℎ, 
as shown in Figure 2.6).  
In OLEDs, large barriers of 𝛷ℎ or 𝛷𝑒  lead to poor performance. For the commonly used 
anode indium tin oxide (ITO, WF=4.3-5 eV) and air-stable cathode aluminum (Al, WF=4.1 eV) 
[75, 76], most organic materials have a charge injection barrier. In order to realize the most 
efficient charge carrier injection into organic layers, thin charge injection layer between 
electrode and charge transport layer is needed. For hole injection, molybdenum oxide (MoO3) 
and 1, 4, 5, 8, 9, 11-hexaazatriphenylene hexacarbonitrile (HAT-CN) have attracted a great 
deal of research attention due to their remarkable hole injection barrier lowering properties [77-
79]. In the case of MoO3, the Fermi level is located close to the conduction band. In the 
HTL/MoO3 heterojunction, an interface dipole is formed as the organic material transfers 
electrons to the injection layer. The resulting shift in Fermi level of the HTL layer enables the 
injection of holes by efficient electron extraction via the MoO3 conduction band. Moreover, a 
gap state in the HTL assists Ohmic hole injection at the interface [79]. In the case of HAT-CN, 
it’s a good conducting molecular with the LUMO level is very close to the Fermi level. This 
enables an easy excitation of electrons from HTL HOMO to HAT-CN LUMO, which forms a 
charge carrier generation interface [80]. As an alternative strategy, the use of appropriate 
surface treatments (e.g., UV-Ozone treatment, plasma treatment) for anode to minimize the 
injection barrier are also quite useful [81, 82]. A typical example of electron injection is the 
use of an ultra-thin mono (8-quinolinolato) lithium (Liq) layer as cathode interface layer in 
combination with Al. In the case of Liq, the alkaline metal ions in the complexes are reduced 
to free metal by the reaction between the complexes and thermally activated Al in vacuum. The 
free alkaline metal then reacts with the electron transporting material, forming radical anions 
which facilitate electron injection from the Al cathode [83].  
Charge carrier transport in organic layers 
In the presence of an electric field, the injected charge carriers travel through the active 
organic layers and move towards the opposite electrode. The charge transport layers in OLEDs 
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generally play the role of accepting charge carrier injection from the electrodes and transporting 
the injected charge carrier to the active emitting layer.  
The difficulty in extending the charge carrier transport theory from inorganic 
semiconductors to organic semiconductors arises because of the absence of extended 
delocalized states in organic materials. Charge carrier transport is typically not a coherent 
motion in well-defined bands but rather a stochastic process of hopping between localized 
states [84]. The strong current injection into low-mobility organic materials inevitably leads to 
charge accumulation in the organic layers. Hence, the charge carrier transport exhibits Ohmic 
and injection-limited behavior in the low voltage range and space-charge limited current 
(SCLC) behavior in the high voltage range [85]. In the case of a steady current with a linear 




                                                      (2.13) 
where  𝑒 is the elemental charge, 𝑛0 is the electron density, 𝜇 is the charge carrier mobility, V 
is the applied voltage, and d is the thickness of the organic layer. The occurrence of SCLC 
requires that at least one contact has good injection properties to provide an inexhaustible 
carrier reservoir. For a perfect insulator without intrinsic carriers or traps, and in case of charge 








                                                       (2.14) 
where 𝜀 is the relative dielectric constant; 𝜀0 is the vacuum permittivity; 𝜇 is the charge carrier 
mobility; V is the applied voltage; and d is the thickness of the organic layer. The threshold 
voltage V0 at which current transforms from Ohmic to SCLC mode can be found by equating 








                                                               (2.15) 
where  𝑒 is the elemental charge; 𝑛0 is the electron density; d is the thickness of the organic 
layer; 𝜀 is the relative dielectric constant; and 𝜀0 is the vacuum permittivity. 
Exciton formation 
When an electron and a hole with a random spin state encounter each other while drifting 
through the organic layers, the attractive Coulomb force between them can lead to exciton 
formation. Exciton formation is governed by spin statistics, which create singlet excitons or 
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triplet excitons with a ratio of 1:3 according to the four spin-dependent states. The singlet and 
triplet excitons generated in amorphous organic materials are strongly localized on individual 
molecules (Frenkel excitons). In organic materials, exciton formation is a bimolecular process 




                                                             (2.16) 
where 𝑞 is the elementary charge, 𝜇𝑒 and 𝜇ℎ are electron and hole motilities, respectively, 𝜀 is 
the relative dielectric constant, and 𝜀0 is the vacuum permittivity. 
Radiative decay 
Once excitons are formed, their corresponding energy can be transferred via several 
available channels. There are two possible relaxation paths involved in light emission: 
fluorescence from the S1→S0 transition and phosphorescence from the T1→S0 transition.  
For fluorescent materials, according to the spin-forbidden transition, singlet excitons can 
relax into the ground state by relaxing energy in the form of light, while triplet excitons relax 
in a non-radiative thermal process. Therefore, 75% of the excitons are lost for emission and 
their energy is transferred into heat in fluorescent OLEDs.  
For phosphors, central heavy metal ions induce significant spin-orbit coupling that is allowed 
under the radiative transition from T1→S0, which increases the intersystem cross rate from 
singlet and triplet states. Accordingly, almost 100% of the generated excitons can be harvested 
in PhOLEDs [11]. Among the known triplet harvesting concepts, an alternative approach is the 
up-conversion of triplet into singlet states. There are two possible pathways for this: TTA 
OLEDs and TADF OLEDs. In TTA OLEDs, two triplet excitons are converted into a singlet 
exciton when there is a large energy gap between S1 and T1 (2T1>S1). Thus, the maximum 
internal quantum efficiency can be further improved to a maximum of 25%+0.5×75%=62.5% 
[50, 51]. In TADF OLEDs, all electrical generated triplet excitons can be up-converted to 
singlet states through reverse intersystem crossing because of the small energy gap between S1 
and T1, then the light emission is extracted as a delayed fluorescence from S1 to the ground 
state (S1→S0 transition). Therefore, the maximum internal quantum efficiency can be enhanced 
up to 100% [12, 91].  
2.3 Highly efficient OLEDs 
Electrons and holes are injected into the device from the electrodes by the driving voltage. 
The spins of the injected electrons and holes are stochastically distributed. If electrons and 
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holes recombine, according to known spin statistics, they will form 25% singlet excitons and 
75% triplet excitons [92, 93]. For fluorescent emitters, only the radiative decay to the ground 
state from the singlet excited state (25% of formed excitons) is allowed; the radiative decay of 
triplet excitons (75% of formed excitons) to the ground state is forbidden under quantum theory. 
The EQE of OLEDs is expressed as follows: 
𝜂𝑒𝑥𝑡 = 𝜂C×𝑟st×Фf×𝛾                                                    (2.17) 
where 𝜂𝑒𝑥𝑡 is the external quantum efficiency, defined as the number of emitted photons from 
OLEDs divided by the number of injected charge carriers [5]; 𝜂C is the fraction of photons that 
can escape from the device, which is typically 20-30% with flat glass substrates[6-8]; 𝑟st is the 
probability that radiative decay will occur; and Ф𝑓 is the fluorescent quantum efficiency or the 
fraction of excitons that can undergo radiative decay. In high performance organic emitter, Ф𝑓 
can approach 100%. 𝛾  is the probability that holes and electrons will recombine to form 
excitons; and to maximize 𝛾, it is necessary to ensure a good balance between two types of 
charge in high efficiency devices. The equation can be further simplified as follows: 
𝜂𝑒𝑥𝑡 = 𝜂𝑖𝑛𝑡𝜂𝐶                                                             (2.18) 
where 𝜂𝑖𝑛𝑡 is the internal quantum efficiency, which is defined as the ratio of the number of 
photons that can be extracted to the number of injected charge carriers. Simple statistics predict 
that 𝜂𝑖𝑛𝑡 was only up to 25% in fluorescent OLEDs [92, 94]. Many previous researchers have 
attempted to utilize non-radiative triplet excitons to increase OLEDs efficiency. 
2.3.1 Phosphorescent OLEDs 
One successful way of utilizing triplet excitons is incorporating heavy metals into the organic 
aromatic framework to enhance spin-orbit coupling. Strong spin-orbit coupling effectively 
promotes intersystem crossing and enhances the subsequent radiative decay from the lowest 
triplet excited state to the ground state [11, 13]. By harvesting both triplet excitons and singlet 
excitons to photon emission, 𝜂𝑖𝑛𝑡  of PhOLEDs of nearly 100% has been demonstrated (as 
shown in Figure 2.9) [13, 95-100].  
In 1998, Baldo et al. improved luminescence quantum efficiency by doping phosphor into 
appropriate host materials in PhOLEDs [11]. The doped device generated saturated red 
emission with external and internal quantum efficiencies of 4% and 23%, respectively. Triplet 
excited states have long lifetime, typically in the microsecond to millisecond range, thus they 
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can be quenched by two bimolecular interactions (e.g., TTA and triplet-polaron quenching), 
especially at high current density [101, 102]. This effect can be reduced when suitable spacer 
groups are included on the organic materials [103].  
Previous researchers have provided numerous innovative phosphors with suppressed 
quenching and have achieved impressive device efficiency. The triplet lifetime of phosphor 
can be changed by selecting different metal center. To date, a large number of phosphors have 
been successfully used in PhOLEDs with different metal complexes containing transition 
metals such as iridium, platinum, and osmium [9, 10, 104], etc. These devices exhibit a series 
of desirable properties such as emission wavelength covering the entire visible spectrum, long 
device lifetimes, and high quantum yields [105-107]. 
2.3.2 Thermally activated delayed fluorescence OLEDs 
Triplet excitons can also potentially be exploited via reverse intersystem conversion, which 
involves transition from the lowest excited triplet state to the lowest excited singlet state.  In 
this way, all excitons contribute to luminescence. Correspondingly, a molecule with efficient 
TADF requires a small energy gap between its lowest excited singlet and triplet states, which 
enhances the T1⟶S1 intersystem crossing rate [108, 109]. It was previously assumed that the 
energy in S1 is considerably higher (0.5-1.0 eV) than that in T1, because of the electron 
exchange energy      
                                




between these levels [12]. Careful design of organic molecules can ensure a small energy gap 
between the lowest singlet and lowest triplet states. In 2012, Adachi et al. proposed a method 
of achieving internal quantum efficiency of OLEDs nearly 100% through the up-conversion of 
triplet excited states to singlet excited states using thermal energy [11]. The critical point of 
this molecular design is the combination of a ΔEST smaller than 100 meV, with a reasonable 
radiative decay rate (higher than 106/s) to overcome competitive non-radiative decay pathways 
leading to highly luminescent TADF materials.  
The TADF emission occurs through four successive processes, as shown in Figure 2.10. 
First, singlet and triplet excitons with a ratio of 1:3 are formed via electron and hole 
recombination. Second, the high energy exciton states are transferred to the lowest excited 
states via vibrational relaxation and internal conversion; Third, the accumulated triplet excitons 
at T1 are back transferred to S1 via rapid and efficient reverse intersystem conversion; and 
finally, the singlet excitons at S1 are formed by either direct electronic excitation or from T1 by 
radiative decay to the ground state with prompt fluorescence and delayed fluorescence [44]. 
The cycle S1→T1→S1 may repeat several times before delayed fluorescence take place. 
During these processes, the efficient thermally activated reverse intersystem conversion 
from T1 to S1 is the key to harvesting triplet excitons. Theoretically, the triplet to singlet excited 
states conversion rate corresponds to an activated process [110-113]: 
𝑘𝑅𝐼𝑆𝐶 = 𝐴𝑒𝑥𝑝 (−
∆𝐸𝑆𝑇
𝑘𝐵𝑇
)                                               (2.19) 
where kRISC is the reverse intersystem crossing rate, A is a constant, ∆EST is the energy gap, kB 
is the Boltzmann constant, and T is the temperature. 
    The prompt fluorescence component has no temperature dependence, whereas the delayed 
fluorescence intensity increases proportionally with temperature. The results of evaluating 














)                               (2.20) 
where 𝛷𝑝 is the prompt fluorescence efficiency, 𝛷𝑑 is the delayed fluorescence efficiency, 𝛷𝑇 
is the triplet formation efficiency, 𝑘𝑟 is the phosphorescence rate, kRISC is the rate of reverse 
intersystem crossing, 𝑘nr
T  is the non-radiative decay rate of T1 to ground state, R is the gas 
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constant, and T is the temperature. A kinetic scheme of TADF OLEDs is shown in Figure 2.10. 
2.3.3 Host-guest system 
For efficient electroluminescence by harvesting both singlet and triplet excitons, the exciton 
quenching associated with relatively lengthy excited state lifetime must be reduced [18, 116]. 
The emitting layer in high performance OLEDs normally formed with a host-guest system, 
which is employed by co-evaporating a small amount of guest emitter uniformly dispersed in 
the suitable matrix host material [117-120]. The host-guest system minimizes the aggregation 
of guest emitters to reduce the triplet exciton density thus reducing TTA and triplet-polaron 
quenching. The matrix host excitons formed in the host can simultaneously be transferred to 
the guest emitter, where the final emission take place, as shown in Figure 2.11 [11, 12]. The 
transfer of excitation energy to the guest is promoted by three processes, long range Fӧrster 
transfer of singlet excitons generated on the host to the guest, short-range Dexter transfer of 
singlet and triplet excitons generated on the host to the guest, and direct generation of singlet 
and triplet excitons on the guest (where the host solely acts as a charge carrier transporting 
matrix) [121]. 
 
Figure 2.10: Kinetic scheme of TADF OLEDs. Note: kISC is the intersystem crossing rate; kRISC 
is the reverse intersystem crossing rate; 𝑘r
S is the prompt luminescence rate; kDF is the delayed 
fluorescence rate; 𝑘nr
S  and 𝑘r
S are the non-radiative decay rate and radiative rate of S1 to the 
ground state, respectively; 𝑘nr
T  and 𝑘r
T are the non-radiative decay rate and radiative decay rate 
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of T1 to the ground state, respectively. 
 
For Fӧrster transfer, a significant overlap in the emission spectrum of the matrix host and 
the absorption spectrum of the guest is necessary. The efficiency of this energy transfer is 




                                                    (2.21) 
where 𝜂ET is the Fӧrster transfer efficiency, 𝐾ET is the Fӧrster transfer rate from host to guest, 
and 𝐾R and 𝐾NR are radiative and non-radiative rates of the host and guest, respectively. Based 
on this equation, Fӧrster transfer is efficient if 𝐾𝐸𝑇 >𝐾𝑅+𝐾𝑁𝑅. 
For Dexter transfer, the energies of the singlet and triplet excitons on the host should be 
higher than that of the guest to prevent reverse energy transfer from the guest back to the host 
and to confine the triplet excitons in the emitting layer. For a blue OLEDs, designing such 
materials has proven challenging because the triplet energy level (ET) of the host materials 
must be larger than that of blue emitter [123]. A representative example using bis [(4,6-
difluorophenyl)-pyridinato-N, C2′] (picoinate) iridium (III) (FIrpic, ET=2.64 eV) as blue 
emitter doped into two host molecules, 4-4′-N,N′-dicarbazole-biphenyl (CBP, ET=2.55 eV) and 
4,4′-bis(9-carbazole)-2,2′-dimethyl-biphenyl (CDBP, ET=2.79 eV) was presented by Tokito 
[20, 124]. OLEDs which use CDBP:FIrpic exhibit a high EQE of 10.4%, much higher than that 
(5.1%) of devices using CBP:FIrpic. For FIrpic in a CBP host, the forward and backward 
energy transfers from the FIrpic triplet states to the CBP triplet states was found, which result 
in the low performance [124].    
For a direct carrier trapping on the guest, significant offset of the HOMO and LUMO 
energies of the host and guest materials is necessary; thus, wide energy gaps (Eg) are needed 
for the host materials. The guest emitter molecules are believed to act as potential charge traps 
for electrons and holes in the emitting layer [117]. A high doping concentration minimizes the 
charge trapping but results in exciton quenching thereby reducing the device performance.  
The relative competition among these three energy transfer processes require a reasonable 
balance between exciton quenching and charge trapping. For singlet-singlet exciton transfer, 
although all three mechanisms operate to some extent, Fӧrster transfer generally dominates; 
for triplet-triplet exciton transfer, the Dexter transfer mechanism is the major mode. 
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Consequently, the selection of host materials is of great importance to ensure highly efficient 
OLEDs. 
       
Figure 2.11: Simplified illustration of three transfer processes from host to guest: (a) energy 




Methodology and materials 
    This chapter presents the techniques that can be used to prepare organic thin films and 
OLEDs, as well as the techniques used to characterize the host materials and OLEDs. The 
sample preparation details, sample characterization conditions, and processing of experimental 
data in the present study are also discussed below. The organic materials used in this work were 
also introduced here, including their molecular structures and relevant physical properties. 
3.1 Experimental techniques and details 
3.1.1 Sample fabrication 
    In terms of the growth methods, thin film preparation can typically be divided into two 
categories: vacuum deposition and solution processing. 
Thermal vacuum deposition 
    Thermal vacuum deposition is a physical vapor deposition technique used to deposit thin 
films via the condensation of a vaporized form of the material. A schematic drawing of thermal 
vacuum deposition is shown in Figure 3.1. The material is placed with an evaporation source 
at the bottom of a vacuum chamber while the substrates are placed in a sample holder at the 
top of the vacuum chamber. The material is heated by passing a large current through the 
evaporation source. Above a certain temperature, the vapor is liberated from the solid source 
material, then leaves the crucible as a cone shaped flux of molecules or atoms, then travels 
atomistically (or molecularly for compounds) though the vacuum, finally condensing into a 
solid on the substrate or vacuum chamber walls [125]. The deposition rate and film thickness 
are monitored with a quartz crystal microbalance (QCM). The co-evaporation of materials was 
controlled according to the deposition rate used to prepare the doped organic layers. To 
measure the deposition rate of the host and dopant molecules independently, one QCM was 
placed near the substrate and another was placed short distance above the dopant source. 
During the co-evaporation in this work, the doping concentration is denoted in weight-







∗ 100%                                                    (3.1) 
In this work, all organic small molecule materials were deposited by thermal evaporation 
technique under high vacuum conditions between 4×10-6 and 1×10-6 mbar. The organic 
materials were placed in a quartz crucible on tantalum boat. The typical deposition rate for 
HTL, EML and ETL was 2 Å/s. For HIL and EIL, a low evaporation rate of 0.2-0.3 Å /s was 
used. For Al evaporation, a boron nitride crucible on a tantalum boat was used. The Al electrode 
was also prepared by thermal evaporation. During Al electrode deposition, a shadow mask was 
used to define the active area of the OLEDs (3 mm×3 mm= 0.09 cm2) as well as the shape of 
the cathode. All the QCMs were calibrated by comparing the thickness of the film (deposited 
on silicon wafer) measured by QCM to that measured by spectroscopic ellipsometry (M-
2000UI J. A. Woollam Co.). During the film deposition, shutter blades were used to prevent 
unwanted materials from being deposited on the substrate, and the substrate holders were 
rotated to compensate for the influence of the chamber’s geometry. Two thermal evaporation 
tools were used in this work: PhOLEDs were fabricated in a single chamber deposition tool 
from FANGSHENG GmbH (FS-300), and the remaining samples were fabricated in a single 
chamber deposition tool from Trovato Inc. There are 12 evaporation sources in the 
FANGSHENG system and 16 in the Trovato system, which allowed us to fabricate samples 
without vacuum braking during the process. With the same sample layout system in these two 
deposition tools, 16 samples can be produced on a 4×4 wafer in one run and under identical 
conditions. To investigate the influence of changes in the OLEDs structure such as varied layer 
thickness or varied doping concentration, different samples were prepared using slit masks for 
every row and column of substrate. After the multilayer evaporation process, to protect the 
devices from mechanical damage, the OLEDs were encapsulated with a glass lid and sealed 




Figure 3.1: Schematic illustration of the thermal evaporation tool. Note: Materials in the 
crucible were thermally evaporated and deposited on the substrate. Deposition rate and 
thickness were monitored by QCM. Shutter blades were used to prevent unwanted material 
deposition and shadow masks were used to define the active area of the device.  
Spin coating 
Spin coating is a solution processing technique that can be used to prepare uniform thin films. 
During the spin coating process (Figure 3.2), a small amount of fluid material is deposited onto 
the center of a substrate which is either spinning at low speed or not spinning at all, the substrate 
is then rapidly accelerated to the desired rotation speed with the spin coater. Owing to the action 
of centrifugal force, the excess solution is ejected from the substrate, resulting in the formation 
of a homogeneous thin film [126, 127]. Once the spin coating process is complete, the substrate 
is typically placed onto a hotplate at a high temperature to remove the residual solvents. 
In this work, thin polyethylenimine ethoxylated (PEIE) film was prepared on ITO glass with 
a spin coater from Laurell Inc. PEIE (MW=70000 g/mol) was dissolved in H2O with a 
concentration of 35-40% when received from Sigma-Aldrich, then it was further diluted with 
2-methoxyethanol to a weight concentration of 0.4%. The spin coating speed was ramped up 
to 5000 rpm in increments of 1000 rpm/s over 5 s. After this, the ITO/PEIE substrates were 
annealed at 100˚C on a hot plate for 10 min in ambient air. The thickness of the PEIE film was 




Figure 3.2: Schematic drawing of deposition and heating steps of the spin coating process. (Top 
left) deposition of coating fluid on the substrate; (top right) the substrate is accelerated to a 
high speed to distribute the solution; (bottom left) the rotation of the substrate is kept while the 
solvents evaporate; and (bottom right) the substrate is heated to remove the residual solvents. 
3.1.2 Characterization of host materials 
    Various techniques were utilized to characterization the host materials, including differential 
scanning calorimetry (DSC), thermogravimetric analysis (TGA), photoluminescence (PL) 
spectroscopy, phosphorescence spectroscopy, ultraviolet and visible (UV-Vis) absorption 
spectroscopy, photoelectron spectroscopy (PES), and transit photoluminescence (PL) decay. 
Differential scanning calorimetry 
    Differential scanning calorimetry is a thermal analysis technique that used to look how a 
material’s heat capacity changes with temperature. The DSC process is illustrated in Figure 
3.3a. A sample of known mass is heated or cooled and the changes in its heat capacity are 
tracked as changes in the heat flow. During the experiment, both the sample and reference are 
maintained at the same temperature (which varies linearly as a function of time). When the 
sample undergoes a physical transformation such as glass transition, more or less heat is needed 
to flow it compared to the reference at same temperature. Whether less or more heat is needed 
depends on whether the process is exothermic or endothermic. For example, as a solid sample 
melts to a liquid, it requires more heat flowing to the sample to increase its temperature than 
the reference, due to the absorption of heat by the sample as it undergoes exothermic phase 
transition from solid to liquid [129, 130]. 
In this work, DSC was performed on a TA DSC 2010 unit at a heating rate of 10°C/min 
under a nitrogen atmosphere. After the experiment, spectra were first converted to ASCII-
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format and then imported into Origin 8 (OriginLab Corporation) for further processing. The 
temperature at the lowest point of the curve was considered the DSC temperature, or as Tg, as 
shown in Figure 3.3b.  
 
Figure 3.3: (a) Schematic setup for DSC and (b) schematic drawing of the procedure to derive 
Tg. 
Thermogravimetric analysis 
Thermogravimetric analysis is a thermal analysis technique that is used to measure weight 
changes in a material as a function of increasing temperature. As the temperature of the 
specimen increases, various components are decomposed and the weight percentage of each 
resulting mass change can be measured [131]. A typical TGA instrument consists of a high 
precision balance with a pan on which the sample is loaded. The pan is placed into a small 
electrically heated oven with a thermocouple to measure the temperature, and the mass of the 
sample is monitored throughout the experiment. The atmosphere is purged with an inert or a 
reactive gas that flows over the sample and exits through an exhaust. A sample weight or the 
percentage of the original sample weight, is measured and plotted as a function of either heating 
time or temperature. This obtained plot is called the TGA curve.  
     In this work, TGA was performed on a TA SDT 2960 instrument at a heating rate of 
10°C/min under a nitrogen atmosphere. After the data was obtained, curves were first converted 
to ASCII-format and then imported into Origin 8 for further processing. Temperature at 5% 




Figure 3.4: (a) Schematic setup for TGA and (b) schematic drawing of the procedure to 
derive Td. 
Photoluminescence spectroscopy 
Photoluminescence spectroscopy is a technique used to measure the light emission from a 
material under optical excitation. As discussed in Chapter 2, photoluminescence was divided 
into two categories: fluorescence and phosphorescence. The emission of a photon from the 
singlet excited state to the ground state is called fluorescence. The average lifetime of 
fluorescence is only 10-9-10-6 seconds. The emission of a photon from the triplet excited state 
to the ground state is called phosphorescence. The lifetime of phosphorescence is at least 10-6 
seconds and possible as long as 102 seconds [43, 44, 132, 133]. Because molecules occupy 
triplet states for a relatively long time during phosphorescence, the molecules have a very high 
probability of losing excess energy by non-radiative routes such as internal conversion, 
biomolecular collision, and photodecompositions. Therefore, phosphorescence is not routinely 
observed at room temperature. One of the most common techniques for observing 
phosphorescence is accomplished by dissolving the organic materials in an appropriate solvent, 
then freezing the resulting solution in liquid nitrogen (77 K) to minimize molecular collisions. 
In a photoluminescence spectroscopy instrument (Figure 3.5), the sample is illuminated with 
monochromatic light from a Xenon arc lamp, then the light emission from the sample is 
detected by a photomultiplier. The sample is usually positioned at 90° to the excitation light to 
minimize the amount of excitation light reaching the detector. The instrument for 
phosphorescence measurement must be able to discriminate phosphorescence and fluorescence 
from the sample. Because the lifetime of fluorescence is shorter than that of phosphorescence, 
this is achieved by incorporating a delay between the exciting source and the sample during 
measurement. 
In this work, photoluminescence spectra were recorded with a luminescence spectrometer 
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(Hitachi spectrophotometer, F-4600). 60 nm organic films were deposited on quartz by thermal 
vacuum deposition for measurement. During the fluorescence measurement, 
photoluminescence excitation (PLE) spectrum was first recorded at the maximum of the PL 
spectrum, then the PL spectrum was measured at the maximum of the excitation spectrum. This 
process was repeated until the maxima of excitation and emission remained constant. The 
phosphorescence spectra were measured in frozen 2-methyltetrahydrofuran (2-MeTHF) matrix 





Figure 3.5: (a) Schematic setup for fluorescence spectroscopy and (b) schematic drawing of 
the procedure to derive the energy of S1; (c) schematic setup for phosphorescence 
spectroscopy and (d) schematic drawing of the procedure to derive the energy of T1. 
 
Ultraviolet and visible absorption spectroscopy 
Ultraviolet and visible absorption spectroscopy is a technique used to measure the 
attenuation of a light beam after it passes through a sample. For the absorption of organic solids, 
it is the sum of the absorption of each molecule. When a sample is exposed to light energy that 
matches the energy difference between possible electronic transitions within a molecule, a 
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fraction of the light energy is absorbed by the molecule and the outer electrons are promoted 
to the higher energy state orbital. The resulting plot of absorbance versus wavelength is the 
UV-Vis absorption spectrum.  
For UV-Vis absorption spectroscopy, the light source is a combination of halogen and 
deuterium lamps that provide the ultraviolet and visible radiation. The output from the light 
source is through a monochromator which splits the incoming light into its components of 
different wavelengths. The light beams then pass through the sample which is held between a 
monochromator and a photodetector. A schematic drawing of the UV-Vis absorption setup is 
shown in Figure 3.6. Radiation across the whole of the ultraviolet and visible range is scanned, 
and radiation of the same frequency and intensity is simultaneously passed through a reference 
cell. Photocells then detect the radiation transmitted. The spectrometer records the absorption 
by comparing the difference between the intensity of the radiation passing through the sample 
and the reference cell. Experimentally, the efficiency of light absorption at a wavelength λ by 
an absorbing medium is characterized by the absorbance 𝐴(𝜆) or transmittance 𝑇(𝜆), which 









0                                                             (3.3) 
where 𝐼𝜆
0 and 𝐼𝜆 are the light intensities (spectral radiant power Pλ) of the beams entering and 
leaving the sample, respectively. 
In this study, UV-Vis absorption spectra were recorded with a PerkinElmer lambda 900 
spectrometer. 40 nm thin films were deposited on quartz glass substrate via thermal vacuum 
deposition for measurement. In order to minimize the absorption from the quartz substrate, the 
baseline was first recorded with pure quartz and stored, then one pure quartz was replaced by 
the substrate with thin organic layer and the absorption spectrum of the organic material was 
recorded. After the data was obtained, curves were first converted to ASCII-format and then 
imported into Origin 8 for further processing. The energy gap Eg was determined by the onset 




Figure 3.6: (a) Schematic representation of UV-Vis absorption spectroscopy setup and (b) 
schematic drawing of the procedure to derive the energy of Eg. 
Photoelectron spectroscopy 
    Photoelectron spectroscopy is a surface sensitive technique used to determine the 
distribution of electronic states of a material [135, 136]. Based on Einstein relation [137], a 
sample is excited by an incident light beam with energy hʋ, then photoelectrons are emitted 
from the sample if their kinetic energy Ekin is larger than the binding energy of the material EB: 
𝐸𝑘𝑖𝑛 = ℎʋ − 𝐸𝐵                                                           (3.4) 
where h is the Plank constant; ʋ is the frequency of the radiation; and EB is the binding energy 
against the vacuum level. This is the photoemission of an electron by electromagnetic radiation 
or photoionization of a sample. For a solid surface, the binding energy 𝐸b is conventionally 
measured with respect to the Fermi level rather than to the vacuum level, and the former 
equation is written in the following form: 
𝐸𝑘𝑖𝑛 = ℎʋ − 𝐸𝑏 − 𝑊𝐹                                                     (3.5) 
where, WF is the work function of the material and represents the energy barrier that prevents 
an electron at the Fermi level from escaping the solid. Depending on the excitation photon 
energies used, photoelectron spectroscopy is subdivided into ultraviolet photoelectron 
spectroscopy (UPS) with the exciting light source in the ultraviolet range, and X-ray 
photoelectron spectroscopy (XPS) with X-rays as the exciting radiation source. The energy of 
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the ultraviolet light source in UPS is normally between 10 and 100 eV, thus UPS releases 
valance electrons bound in the outer shells of atoms, molecules, and molecular solids. Hence 
UPS is used to determine the position and shape of the HOMO level of a molecule or molecular 
solid [138, 139]. The energy of X-ray source is typically in the range between 100-200 eV and 
2000 eV, thus XPS is predominantly focused on core level electrons [138, 140]. 
 
 
Figure 3.7: (a) Schematic representation of UPS system; (b) corresponding energy levels; and 
(c) derivation procedure. Note: the binding energy refers to the Fermi level. 
In this study, the ionization energy of the host material was measured by UPS. The PES 
setup used in this work was a KRATOSAXIS ULTRA DLD supplied by KRATOS Analytical. 
The instrument was incorporated in an ultra-high vacuum chamber at a base pressure of 10-9 
mbar. The He-I excitation line (21.22 eV) of a He discharge lamp was used as a light source 
for excitation. The kinetic energy of the electrons emitted from the illuminated sample was 
resolved with a hemispherical sector analyzer and a multi-channel electron multiplier was 
utilized for electron detection. 10 nm thin organic films deposited by thermal vacuum on ITO 
glass were used for investigation. After measurements were taken, spectra were first converted 
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to ASCII-format and then imported into Origin 8 for further processing. 
Transient photoluminescence decay spectroscopy 
      The Transient photoluminescence decay technique is used to measure the exciton decay 
dynamics of luminescent molecules with a pulsed light excitation. The PL lifetime is one of 
main characteristics of luminescent emitters. It should be noted that the emission of a photon 
occurs as rapidly as the absorption of a photon (10-15 s). However, excited molecules stay in 
the low excited state for a certain time (a few tens of picoseconds to a few hundreds of 
microseconds, depending on the type of molecule) before emitting a photon or undergoing any 
other de-excitation process (e.g., internal conversion, intersystem crossing). Thus, after the 
excitation of a population of molecules by a very short pulse of light, the light intensity 
decreases exponentially with time. The PL lifetime also influenced by the chemical 
composition of its environment. Additional processes like Fӧrster transfer, charge carrier 
transfer, or molecular rotation also have an effect on the decay kinetics. Therefore, lifetime 
changes can be exploited to gain information about the local chemical environment or to follow 
the reaction mechanism. In this technique, different setups can be built to measure transient PL 
decay. A common procedure is to illuminate the sample with an extremely short pulsed light 
source, then detect the resulting luminescence with a single-photon counter (or streak camera, 
or other relevant device) and then measure the subsequent decay in PL as a function of time. 
The general setup for this technique is shown in Figure 3.8. For the sake of comparison against 
an accurate measurement of the mean lifetime τ of the sample, an extremely fast flash (with 
duration much shorter than lifetime τ) should be used. 
In this study, transient PL decays were detected by a single photon counting spectrometer 
from Horiba Jobin Yvon. The excitation source was a pulsed laser diode (nanoLED-300, 
Horiba Scientific) which emit at 293 nm with a <1 ns pulse. During the measurement, the 
pulsed laser triggered a time-amplitude converter (TAC) to “start” while the pulsed laser 
excited the PL of the sample. Part of the PL emission photons were passed through a long pass 
filter and mono-chronometer into a single-photon counter. The first emitted photon was 
detected by the PMT and sent a “stop” signal to the TAC. The experiment was repeated at the 
repetition rate of the laser (25 KHz). Given these statistics, a histogram with the order of 104 
photon counts versus time was generated corresponding to the PL decay of the sample. PL 
decay measurements were performed at room temperature under a nitrogen atmosphere. After 
the data were obtained, curves were first converted to ASCII-format and then imported into 
Origin 8 for further processing. The data consisted of making a semi-logarithmic plot of the 
signal intensity (in arbitrary units) versus time. In some cases, additional analysis (i.e., lifetime 
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calculation) was done with decay analysis software (DAS 6, Horiba) by calculating the slope, 
which was proportional to the reciprocal of the desired mean lifetime. 
 
Figure 3.8: Schematic representation of the transient PL decay experiment setup. 
3.1.3 Characterization of OLEDs 
    In order to comprehensively characterize OLEDs, their electrical and emission 
characteristics have to be investigated. The measurement setups for OLEDs characterization 
are explained below. 
Current-voltage-luminance 
Current-voltage-luminance characterizations of OLEDs were performed with a 
measurement robot. The electrical performance of OLEDs was characterized with an electrical 
source meter (SMU 2400, Keithley Inc.) which supplied a defined voltage V and detected the 
current I through the device. The current density j was obtained from the current I divided by 
the active area A of the device; simultaneously, the electroluminescence signal in the normal 
direction to the device surface (θ=0°) was detected with a SpectraScan spectroradiometer 
(PR655, Photo Research Inc.). The meter uses a calibrated Si photodiode to detect the light and 
convert the diode photon response into a luminance value. The measurement quantity is defined 
as the spectral radiant intensity per unit area 𝐼0
𝜆  (W/m2) of the OLEDs in the forward direction 
(θ=0°) and the forward luminesce L0 was obtained as follows:  
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(𝜆)𝑑𝜆  [cd/m2]                                      (3.6) 
where km=683 lm/W is the conversion coefficient and V (λ) is the photopic spectral luminous 
efficiency function. A computer program based on Labview (National Instruments) was used 
to collect the experimental data from SMU 2400 and PR655.  
Emission spectra 
    The emission spectrum of OLEDs may shift with increasing driving current due to changes 
in the position of the recombination zone. The spectrascan spectroradiometer (PR655, Photo 
Research Inc.) was used to record the emission spectra under different driving voltage. 
Efficiency measurement 
    Three types of efficiencies are used to evaluate OLEDs efficiency in this study: current 
efficiency (ηC), power efficiency (ηLE) and external quantum efficiency (ηEQE). The efficiencies 
can be estimated from current-voltage-luminance measurement data assuming OLEDs exhibit 
Lambertian angular characteristic behavior, which spatial distribution of the emitted radiant 
intensity is given by:  
𝐼(𝜃) = 𝐼0𝑐𝑜𝑠(𝜃)                                                        (3.7) 
where I0 is the radiant intensity in the forward direction and θ is the azimuthal angle. 
    The current efficiency (in cd/A) is defined as the ratio of the luminous intensity normally in 




   [cd/A]                                                       (3.8) 
where L0 is the luminance in the forward direction and j is the current density passing through 
the device. 
The power efficiency (in lm/W) is defined as the ratio of total light output (LP) in lumens to 
electrical input power in Watts, and can be calculated from current efficiency ηc  and the 







                                          (3.9) 
where Km is the maximum luminous efficiency for the photonic version, I (λ, θ) is azimuthal 
dependent spectral radiant intensity at a discrete current I, and V (λ) is the spectral luminous 
efficiency function of the human eye. Assuming that OLEDs have a Lambertian emission from 
the device, where the light angular distribution I (λ, θ) within the half-sphere in the forward 
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     [lm/W]                                         (3.11) 
The EQE (in %) is defined as the number of emitted photons from OLEDs divided by the 












×100                               (3.12) 
where I (λ, θ) is the azimuthal dependent spectral radiant intensity at a discrete current I, h is 
Planck constant, and c is the light velocity in vacuum. The total number of injected charge 
carriers are calculated from the OLEDs current divided by electron charge e.  
3.2 Materials 
    The organic semiconductors used in this study are classified into charge injection materials, 
charge transport materials, and fluorescent or phosphorescent emitter materials. In addition to 
the molecular structures, a brief summary of their physical properties (HOMO and LUMO 
levels, triplet energy levels) is provided below.  The properties of these organic materials (i.e., 
exciton dynamics) are discussed in detail in Section 4. Reference to key publications was given 
as sources for the data and for examples of application of the materials.  
3.2.1 Electrode materials 
The OLEDs studied throughout in this work were built in bottom emitting configuration. 
This means that the light was coupled out from a glass substrate. The devices were fabricated 
on glass substrates pre-coated with patterned ITO according to the layout shown in Figure 3.9. 
The thickness of ITO layer was around 100 nm and it had a sheet resistance of approximately 
20 Ω/sq. Between the ITO layer and the glass, about 200 nm SiO2 was incorporated as a 
passivation layer (HuaYu Co.). To clean the ITO glass substrates, they were first washed and 
mechanically scrubbed, then they were rinsed with copious amounts of de-ionized water (>18 
M) and blown dry under a stream of nitrogen. They were then further clean sonically in acetone, 
ethanol, and isopropanol for 10 minutes each. The clean ITO glass substrates were stored in a 
sealed container containing pure isopropanol. A variety of surface treatments were used in this 
work. For ITO/MoO3 and ITO/HAT-CN, the ITO substrates were put into an UV-ozone cleaner 
for 15 min prior to use to increase the ITO work function by increasing the oxygen 
concentration of the surface. The work function of the ITO/MoO3 and ITO/HAT-CN were 
around 6.9 eV and 5.6 eV, respectively [142, 143]. For ITO/PEIE, no treatment was performed 
and its work function was about 3.3 eV [144]. On the opposite side, a 140 nm Al layer with 
work function about 4.1 eV was used as a reflective top cathode [76]. The work functions of 
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the investigated electrode materials are summarized in Table 3.1. 
 





Figure 3.9: Layout of the pre-coated ITO on a 32 mm×32 mm glass substrate. Yellow squares 
denote the overlap of bottom ITO anode and top Al cathode (3 mm×3 mm).  
3.2.2 Charge carrier injection materials 
In order to more effectively inject charge carriers from the electrodes, thin injection layers 
were used in OLEDs. The injection layers were MoO3 or HAT-CN for hole injection and Liq 





Figure 3.10: Chemical structures of HAT-CN and Liq. 
3.2.3 Charge carrier transporting and charge carrier blocking materials 
    Before holes and electrons can meet in the emission layer, they must transport through the 
outer organic layers. In this study, di-[4-N,N-ditolyl-amino-phenyl] cyclohexane (TAPC) and 
4,4',4''-tris(N-carbazolyl)-triphenylamine (TCTA) were used as hole transport layers and 
tetra(m-pyrid-3-yl)phenyl-[1,1']-biphenyl (TmPyPB) was used as electron transport layer [147-
149]. All these materials were supplied by Lumitec. To prevent hole leakage from the emitting 
layer, the HOMO level of the hole blocking material must by noticeably higher than that of the 
emitting material in order to ensure a large energy barrier that the holes cannot overcome easily. 
The hole blocking material also must have a low hole mobility to effectively hinder hole 
transport. TmPyPB was used for this purpose; for the similar reasons, TAPC or TCTA was 
used as electron blocking materials. For PhOLEDs and TADF OLEDs, the triplet exciton 
diffusion length was same order of magnitude of the emitting layer thickness, so the excitons 
must be confined in the emitting layer. TAPC, TCTA and TmPyPB have higher triplet energies 
than that of the emitting materials, thus they can also be used as exciton blocking layers in 
OLEDs. Their corresponding chemical structures are shown in Figure 3.11. 
 
 




3.2.4 Fluorescent and phosphorescent emitter materials 
In this work, two highly efficient emitters were used in this study: FIrpic and green TADF 
emitter 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN) (purchased from 
Lumtec.) [12, 19]. Both were diluted in corresponding host material to avoid unwanted 
quenching [16]. The chemical structures of the emitters are depicted in Figure 3.12.  
 
Figure 3.12: Chemical structures of phosphor and TADF emitters.   
As discussed in Chapter 2, the electronic structure of organic molecules is great important 
for securing high performance OLEDs. Appropriate HOMO and LUMO levels of the host were 
required to realize efficient charge carrier recombination in the emitting layer. And appropriate 
triplet levels of the host and guest were required to achieve charge carrier transfer and good 
exciton confinement on the emitter sites. Figure 3.13 summarizes the HOMO/LUMO levels 
and triplet levels of the organic materials used in this study. 
3.2.5 Host materials 
Seven host materials were used in this study. 3,3-di(9H-carbazol-9-yl) biphenyl (mCBP) 
were purchased from Lumtec and the other six host materials [3,3'-bis(dibenzo[b,d]thiophen-
4-yl)-1,1'-biphenyl (mBPDBT), mDCBP, mDCP, mDCTP, mD2CBP, and mDC2BP] were 




































































































Figure 3.13: (a) HOMO and LUMO levels and (b) triplet energies of organic materials used in 
this study. Note: The materials were arranged according to their functionality; Hole transport 






Results and Discussion 
    In this chapter, a series of carbazole/dibenzothiophene derivatives were investigated as host 
materials for blue PhOLEDs and green TADF OLEDs. In the first section, a host material, with 
one carbazole and one dibenzothiophene moiety connected by biphenyl spacers, while biphenyl 
serving as a linkage between them and through the meta position, had been investigated. In the 
second section, three host materials with carbazole and dibenzothiophene moieties connected 
by extended phenyl spacers are investigated. And in the last section, three host materials with 
different ratios of carbazole to dibenzothiophene moieties and connected by biphenyl spacers 
were investigated. The physical properties of these host materials were comprehensively 
characterized and the device performance of blue PhOLEDs and green TADF OLEDs based 
on them were investigated in detail. The relevant conclusions derived from the investigations 
of the different molecular systems were presented in the appropriate sections. 
4.1 Systematic study of carbazole/dibenzothiophene derivatives as host materials 
in modern OLEDs 
4.1.1 Introduction 
OLEDs have been rapidly developed since the outstanding contribution of Tang, who 
demonstrated efficient OLEDs with a single heterojunction structure in 1987 [3]. They are 
fascinating for the next generation of flat-panel displays and illumination sources due to several 
advantages qualities, e.g., low power consumption, low weight, high luminous efficiency, full-
color capability, wide viewing angle, and high contrast. In OLEDs, under electrical excitation, 
charge carrier recombination can produce singlet and triplet excitons in a 1:3 ratio. According 
to the spin statistics, conventional fluorescent OLEDs can only harvest 25% singlet excitons. 
All triplet excitons (75% of the formed excitons) decay non-radiatively, so the maximum ηint 
is limited to 25% for traditional fluorescent molecules.  
To improve ηint with the harvesting triplet excitons, several different approaches have been 
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proposed to date. The first notable breakthrough was made by Forrest, they proposed the 
concept of PhOLEDs utilized phosphors, which theoretically allowed ηint up to 100% [11, 13, 
101]. In PhOLEDs, the generated singlet excitons can be converted into triplet excitons via 
intersystem conversion fast and efficient, then all the triplet excitons can radiative decay to 
ground state due to the strong spin-orbit coupling effect of the central heavy metal. Recently, 
Adachi demonstrated an alternative route to harvest triplet excitons by utilizing a TADF 
process that can achieve nearly 100% ηint [12, 52, 150-153]. In TADF OLEDs, triplet excitons 
can be up-converted to singlet state through reverse intersystem crossing due to a small energy 
gap between the lowest excited singlet state and the lowest excited triplet state; light emission 
is then extracted as a delayed fluorescence from the transition of S1 to the ground state (S1→S0 
transition).  
Generally, efficient PhOLEDs and TADF OLEDs contain a doped emitting layer, which 
consists of a dopant dispersed in a suitable host matrix to prevent unwanted quenching 
pathways for triplet excitons such as triplet-triplet annihilation or triplet-polaron quenching 
[16]. Meanwhile, the high energy host donors transfer excitons to the highly efficient dopant 
acceptors through Fӧrster or Dexter transfer, resulting in a high efficient emission from the 
dopant. Therefore, the host materials are quite important to determine the overall OLEDs 
performance.  
In principle, an ideal host material should possess certain criteria. First, as the major 
component of the emitting layer, matching HOMO/LUMO levels of host materials with the 
adjacent layers and emitters are required to ensure effective charge injection. The HOMO of 
the host materials should be deeper than that of the emitters, while the LUMO of the host 
materials should be shallower than that of the emitters. Second, depends on the type of emitting 
dopant, either singlet or triplet energies of the host should higher than that of the dopant to 
guarantee efficient forward energy transfer from host to dopant and to confine the triplet 
excitons on the dopant. For the host materials in blue OLEDs, the lowest triplet energies higher 
than 2.6 eV was preferred for host as the lowest triplet energy of the typical sky blue triplet 
emitters is ca. 2.6 eV. Good charge carrier transport property is another important characteristic 
of host materials because positive and negative charge carriers are required to be balanced in 
OLEDs, thus leads to high efficiency and low efficiency roll-off. So host materials that contain 
both hole transporting and electron transporting moieties are utilized to facilitate charge carrier 
balance. Good thermal stability, simple structure, and facile preparation are also necessary in 
terms of industrial manufacture. The use of one single host for both high performance 
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PhOLEDs and TADF OLEDs would significantly facilitate the development of OLEDs.  
Phosphors and TADF emitters have different HOMO/LUMO levels and singlet/triplet 
energies, which makes it rather challenging to develop efficient PhOLEDs and TADF OLEDs 
using the same host material. In the search for such highly efficient host materials, organic 
chemists have focused on a limited range of units. From the classic hole transporting host, 
carbazole has been considered as an important constructing unit in the design of host since CBP 
was reported [19]. Its strong electron donating nature ensures hole injection and endows 
carbazole-derivatives with decent hole mobility, and it is made up of only aromatic moieties 
with high bond dissociation energy and has a high triplet energy (3.0 eV), that leaving abundant 
molecule structural modification possibility. To obtain high triplet energy for blue host, 
carbazole-based derivatives always have less conjugative configuration such as twist linkage 
or non-conjugative linkage. Many high-performance PhOLEDs and TADF OLEDs based on 
them have been obtained [20-28]. Another heterocyclic unit similar to carbazole, 
dibenzothiophene, was recently utilized to construct new host material. It has high triplet 
energy (3.04 eV), like carbazole, but more neutral molecular structure. Its highly conjugated 
structure allows the delocalization of both injected holes and electrons, as well. According to 
previous reports on dibenzothiophene-derivatives as host materials, these compounds exhibit 
high triplet energies (> 2.7 eV) and show excellent performance in PhOLEDs and TADF 
OLEDs [29-33].  
Is it possible to construct host materials with carbazole and dibenzothiophene units? Bearing 
in this in mind, in this study, mDCBP was designed to be a high performance host material.  
mDCBP has one carbazole and one dibenzothiophene unit, while biphenyl was introduced as a 
linkage between them through the meta position. The physical properties of this host material 
were comprehensively characterized and the device performance of blue PhOLEDs and green 
TADF OLEDs based on it were investigated in detail. All the characterizations were 
comparatively analyzed with corresponding carbazole or dibenzothiophene counterparts 
bearing same molecular configuration and with well-established properties. Fundamental 
principles on design strategies of host materials and the common relationship between 
molecular structure and optoelectronic properties based on carbazole/dibenzothiophene 
moieties were revealed in this study. 
4.1.2 Molecular synthesis 
The host material mDCBP was synthesized by the project partner (Dr. Shoucheng Dong) at 
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Soochow University. The synthesis was straightforward with a classic Suzuku-Miyaura 
reaction. Scheme 4.1.1 illustrates the synthesis route of mDCBP: 4-(3-bromophenyl) 
dibenzothiophene (1.00 g, 2.95 mmol), (3-(9H-carbazol-9-yl) phenyl) boronic acid (1.11 g, 
3.87 mmol) were dissolved in tetrahydrofuran (THF)/2 M K2CO3 (45 ml, 3/1, v/v) in a Schlenk 
tube under argon, then the resulting mixture was refluxed for 12 h. After cooling to room 
temperature, the organic layer was collected and annealed to remove the solvent. The crude 
product was purified via column chromatography on silica gel with dichloromethane/petroleum 
(1/5, v/v) as eluent, followed by recrystallization from ethyl acetate/petroleum and vacuum 
sublimation successively. The final product was a white powder (1.10 g, 74.3 %). 1H NMR 
(400 MHz, CDCl3) δ (ppm): 8.14-8.21 (m, 4H), 8.07 (t, J = 1.6 Hz, 1H), 7.92 (t, J = 1.6 Hz, 
1H), 7.66-7.85 (m, 5H), 7.40-7.63 (m, 10H), 7.30 (t, J = 6.8 Hz, 2H). 13C NMR (100 MHz, 
CDCl3) δ (ppm): 143.0, 141.5, 141.1, 140.9, 139.7, 138.8, 138.5, 136.8, 136.5, 136.0, 130.7, 
130.6, 129.7, 127.9, 127.3, 127.1, 127.0, 126.4, 126.2, 126.0, 125.4, 124.7, 123.6, 122.9, 122.0, 
120.9, 120.5, 120.2, 110.1. MS (EI): m/z 501.2 (M+). Anal. calcd for C36H23NS (%): C 86.19, 
H 4.62, N 2.79; found: C 85.88, H 4.45, N 2.68. 
 
 
Scheme 4.1.1: Synthesis of carbazole/dibenzothiophene derivative. 
4.1.3 Fundamental physical properties  
Quantum chemical calculations 
    To understand the molecule structure-property relationship of mDCBP at the molecular level, 
the HOMO and LUMO orbital spatial distributions were obtained by the density function 
theory calculations at the (B3LYP)/6-31G (d) level with the Gaussian program [154]. Figure 
4.1.1 shows the HOMO and LUMO distributions of mBPDBT, mCBP, and mDCBP. The 
HOMO of mDCBP was mainly distributed over the carbazole unit and adjacent phenyl ring 
due to the strong electron-donating nitrogen unit of carbazole. Whereas the LUMO of mDCBP 
was localized on the benzene ring and dibenzothiophene moiety (phenyl-dibenzothiophene unit) 
due to the electron-withdrawing sulfur group. These indicated that carbazole is a hole transport 
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moiety and dibenzothiophene is an electron transport moiety in mDCBP. Therefore, the 
mDCBP would exhibits electron accepting properties as well as hole accepting properties from 
charge transport materials. In the case of mBPDBT and mCBP, the two carbazole or 
dibenzothiophene moieties played the roles of hole transport property, thus the mDCBP was 
expected to have lower hole transport property than mBPDBT or mCBP.  
 
Figure 4.1.1: HOMO and LUMO spatial distributions of carbazole/dibenzothiophene 
derivatives. 
Thermal analysis 
The thermal stability of the host materials, which is closely related with the device stability, 
was characterized by TGA and DSC. DSC and TGA thermograms of mBPDBT, mCBP, and 
mDCBP are shown in Figure 4.1.2.  
The glass transition temperature of mDCBP was observed at 88 ̊ C, which was similar to that 
of mBPDBT (87˚C). mCBP did not exhibit any obvious glass transition process in the DSC 
traces due to its tendency to crystallize. The glass transition temperature was obviously higher 
than some carbazole-based host materials, such as CBP (62˚C) or mCP (60˚C) [19, 155].  
All the decomposition temperatures of these materials were observed over 400˚C during 
TGA: which were 436˚C for mBPDBT, 405˚C for mCBP, and 430˚C for mDCBP. 
Decomposition temperature is mainly determined by the material’s molecular weight. The 
thermal analysis results indicated that mDCBP possesses good thermal stability, which could 
improve the film morphology and reduce the possibility of phase separation upon heating; in 
other words, mDCBP could be used as OLEDs component in long-lifetime devices. 
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Figure 4.1.2: (a): DSC traces and (b) TGA traces recorded at a heating rate of 10˚C min-1. 
Photophysical properties 
The photophysical properties of mBPDBT, mCBP, and mDCBP were investigated by means 
of UV-Vis absorption, PL, and phosphorescence spectra, as shown in Figure 4.1.3. The UV-
Vis absorption and PL spectra were obtained from vacuum evaporated thin films (60 nm) and 
the phosphorescence spectra were measured in 2-MeTHF at 77 K. mDCBP showed similar 
absorption spectra to mCBP, the relatively weak shoulder peaks at ca. 355 nm can be attributed 
to the n-π* transitions of the carbazole group [30, 156]. For mBPDBT, the relatively weak peak 
at around 345 nm can be attributed to the n-π* transitions of the dibenzothiophene group [22]. 
The optical-energy bandgaps were determined by the onset of UV-Vis absorption spectra. The 
absorption edges of the spectra for mBPDBT, mCBP and mDCBP were 361 nm, 363 nm, and 
365 nm, which corresponding to bandgaps of 3. 44 eV, 3.41 eV, and 3.40 eV, respectively. All 
compounds exhibited similar violet fluorescence. The maximum PL emission peaks of 
mBPDBT, mCBP, and mDCBP were observed at 368 nm, 373 nm, and 370 nm, respectively. 
The singlet energy of mDCBP was 3.35 eV, which is high enough for energy transfer to a blue 
or green emitter. A narrow full-width-at-half-maximum (FWHM) ranging from 41 nm of 
mBPDBT through 61 nm of mCBP to 47 nm of mDCBP were observed. The emission spectra 
of mDCBP was well overlapped with the absorption spectra of typical blue and green emitters, 
indicating that energy transfer from the host to the dopant would be quite efficient [157-159]. 
All these materials exhibited broad phosphorescent spectra; the triplet energies were calculated 
by the first emission peak of phosphorescence spectra (T1ν=0 →S0ν=0). The triplet energies of 
mBPDBT, mCBP, and mDCBP were 2.74, 2.85 and 2.75 eV, respectively. Again, all of them 
are sufficient enough to be used as blue and green hosts and to prevented triplet energy back 




     
























           


























                                                   


























Figure 4.1.3: (a) UV-Vis absorption spectra; (b) PL spectra; (c) phosphorescence spectra 
measured in frozen 2-MeTHF matrix at 77 K.  
 
HOMO/LUMO levels 
    For host materials, appropriate HOMO and LUMO levels is essential to the efficient 
injection of charge carriers into the emitting layer. The HOMO levels of the materials were 
determined by ultraviolet photoemission spectroscopy, as shown in Figure 4.1.4. The HOMO 
levels of mBPDBT, mCBP, and mDCBP were -6.20 eV, -6.05 eV and -6.01 eV, respectively. 
The optical LUMO levels were calculated using HOMO and optical bandgap Eg from UV-Vis 
absorption edge in the solid films, according to the equation ELUMO (eV) = (EHOMO+Eg) eV. 
The LUMO levels of mBPDBT, mCBP, and mDCBP were -2.76 eV, -2.64 eV, and -2.61 eV, 






4 3 2 1 00 1 2 3 4 5 6 7
 



















Figure 4.1.4: UPS spectra of carbazole/dibenzothiophene hybrids. 
Carrier-transport properties 
To evaluate their charge carrier transport ability, single-carrier devices were fabricated and 
characterized. The hole-only device had the following structure: ITO/MoO3 (10 nm)/host (100 
nm)/MoO3 (10 nm)/Al and the electron-only device had the following structure: 
ITO/PEIE/BCP (15 nm)/host (100 nm)/BCP (15 nm)/Liq (2.5 nm)/Al (host = mBPDBT, mCBP 
or mDCBP). As shown in Figure 4.1.5, at the same electrical field, the electron current densities 
were much lower than the hole current densities in the single carrier device. In the hole-only 
devices, the hole current density for mDCBP was lower than that of mCBP or mBPDBT devices, 
indicating that mDCBP had the lowest hole transport properties. These results agreed well with 
the HOMO/LUMO spatial distributions. The HOMO levels distributed on two carbazole or 
two dibenzothiophene units in mCBP or mBPDBT, which were more suitable for hole hopping 
between adjacent molecules. In the electron-only devices, mBPDBT and mDCBP showed 
higher current density than mCBP. Compared to the carbazole moiety, the dibenzothiophene 




Table 4.1.1 Summary of physical properties of carbazole/dibenzothiophene derivatives. 
 
a: Glass transition temperatures; b: Decomposition temperatures. 
c: Measured from vacuum deposited thin film (60 nm). 
d: Estimated from the first emission peak of phosphorescence spectra (measured in 2-MeTHF matrix at 77 K). 
e: Optical bandgap energies calculated from the corresponding absorption onset. 
f: HOMO levels calculated from UPS data. 
g: LUMO levels calculated from HOMO and Eg of vacuum deposited thin films. 
 
property in these three compounds. Further, in the hole-only device, the current density-voltage 
characteristic of mDCBP showed two distinct regions at low and high bias, a Schottky 
thermionic region and a space charge limited current region; and the hole-only  device with 
MoO3 buffer layer forms a quasi-Ohmic contact between organic layer and electrodes, so the 
hole mobility of mDCBP can be estimated by fitting the current density-voltage curve of SCLC 
region according to the Mott-Gurney equation [87, 88, 160] 






𝜇                               (4.1.1) 
where J is the current density; V is the applied voltage; ε is the relative permittivity; ε0 is the 
permittivity of the free space; d is the thickness of active layer; and μ is the charge carrier 
mobility. Under an electric field of 1 MV/cm, the estimated hole mobility of 100 nm mDCBP 


















































































Figure 4.1.5: (a)-(b) current density-voltage curves of single-carrier devices; and (c) mobility-
square root of electric field characteristic for mDCBP. Notes: The hole-only device structure 
was ITO/MoO3/host/MoO3/Al and the electron-only device structure was 
ITO/PEIE/BCP/host/BCP/Liq/Al (host = mBPDBT, mCBP or mDCBP). 
4.1.4 PhOLEDs characterization 
Energy transfer between hosts and emitter 
    To confirm the capability of mDCBP as host material for PhOLEDs, we investigated the 
photophysical properties of co-deposited thin films of host:FIrpic. The films were 20 nm thick 
with a FIrpic doping concentration of 8 wt% on quartz substrate. For the PL spectra of doped 
thin films (see Figure 4.1.6a), all samples showed a main emission peak around 476 nm and a 
shoulder emission peak around 500 nm, corresponding to the FIrpic emission. Due to the large 
overlap between PL emission and FIrpic absorption spectra, the emission from mDCBP was 
strongly suppressed, which confirmed the effective positive energy transfer from the host to 
luminescent FIrpic and then converted into light.  
To further understand the relationship between the excited states of the host and guest 
molecules, transient PL decays of doped thin films were measured at a wavelength of 476 nm 
at room temperature (4.1.6b). Although mDCBP:FIrpic film did not exhibit mono-exponential 
decay curve, its second exponential decay part was fewer than its first exponential decay part, 
indicating that the energy transfer from mDCBP to FIrpic was energetically favorable due to 
high triplet energy level, and the energy transfer from FIrpic to hosts was strongly suppressed, 
thus the energy was well-confined in luminescent FIrpic. All transient PL decay curves were 












𝜏2                                                   (4.1.2) 
where 𝐼(𝑡) is the PL intensity, A1 and A2 are the quantities of the emission components, and τ1 
and τ2 are the excited state lifetime of the corresponding emission components, respectively. 
An excited state lifetime of 1.30 μs for sample mBPDBT, 1.28 μs for mCBP, and 1.41 μs for 
mDCBP were observed, similar to previous reports on FIrpic [20, 149, 161, 162]. In mDCBP, 
singlet excitons were generated under light excitation and transferred to FIrpic through Fӧrster 
transfer. In FIrpic, singlet excitons were also generated under light excitation. Thus, the 
excitons in FIrpic were generated in two ways: energy transfer from the host and direct 
excitation by light. These singlet excitons on FIrpic can be converted to triplet excitons via 
intersystem crossing quickly and effectively, then radiatively decay to the ground state (T1→S0 
transition) and are converted into phosphorescence emission.   
Experiment 
To evaluate the capability of mDCBP as host material for blue phosphors and to reveal the 
influence of carbazole/dibenzothiophene moieties on device performance, a group of FIrpic-
based PhOLEDs with a typical sandwich structure were constructed and characterized. The 
detailed device configuration was ITO/MoO3 (3.5 nm)/TAPC (40 nm)/host:FIrpic (20 
nm)/TmPyPB (40 nm)/Liq (2.5 nm)/Al (host = mBPDBT, mCBP or mDCBP). The blue emitter 
FIrpic was optimized at optimal doping concentration of 8 wt% according to our group’s 
previous work. MoO3 and Liq were utilized as hole and electron injection layers, respectively; 
and TAPC and TmPyPB were served as hole and electron transport layers, respectively. There 
were large energy barriers for electron leakage from the host to TAPC and hole leakage from 
the host to TmPyPB, so TAPC and TmPyPB were also used as electron and hole blocking 
layers, respectively. On the other hand, the triplet energies of TAPC (ET=2.9 eV) and TmPyPB 
(ET=2.8 eV) were higher than that of FIrpic (ET=2.62 eV), so TAPC and TmPyPB were chosen 
as the exciton blocker layers to prevent exciton diffusion, thus effectively blocking the excitons 
within the emissive zone. 
Under the electrical excitation, charge recombination in the host materials produce singlet 
and triplet excitons with a ratio of 1:3, i.e., 25% singlet excitons and 75% triplet excitons. The 
excitons generated on the host transferred to FIrpic through Fӧrster transfer or Dexter transfer. 
In FIrpic, singlet and triplet excitons were also generated with a ratio of 1:3 by charge trapping. 
Thus the excitons in FIrpic were generated in two ways: energy transfer from the host and
66 
 














































Figure 4.1.6: (a) PL spectra and (b) transient PL decay curves of doped thin films 
(host:FIrpic, host= mBPDBT, mCBP or mDCBP); (c) schematic illustration of the energy 
transfer process in mDCBP:FIrpic under light excitation. 
 
direct recombination. The singlet excitons on FIrpic can be converted to triplet excitons via 
intersystem crossing fast and effective, then these triplet excitons radiatively decay from the 
lowest triplet state to the ground state (T1→S0 transition) and converted into phosphorescence 






Figure 4.1.7: Energy levels and molecular structures of organic materials in EL devices.   
PhOLEDs characterization 
Figure 4.1.8a shows the current density-voltage-luminescence curves of the blue PhOLEDs. 
At the same driving voltage, the current density was highest in mCBP-based device and lowest 
in mDCBP-based device. And at same driving voltage, the luminescence was also highest in 
mCBP-based device and lowest in mDCBP-based device. At 1000 cd m-2 for practical 
applications, the driving voltage was 5.77 V for mDCBP-based device, compared to 5.47 V 
and 5.17 V for mBPDBT-based, and mCBP-based devices, respectively. 
The current efficiency and power efficiency are shown in Figure 4.1.8b. For mCBP-based 
device and mBPDBT-based device, the results were similar to our group’s previous study [22]. 
mDCBP-based device showed increased efficiency compared to the other two. For mDCBP-
based device, the maximum current efficiency was 40.5 cd/A, which was 30% higher than that 
of mCBP-based device; and the maximum power efficiency was 29.4 lm/W.  
The mDCBP-based device exhibited greatly improved efficiency compared to the other two: 
the maximum EQE was 17.9% at 0.2 mA/cm2. Meanwhile, compared to mCBP-based and 
mBPDBT-based devices, mDCBP-based devices showed lower roll-off ratio at high current 
density, which was only 12% compared to the maximum value at brightness of 1000 cd m-2.  
This may be attributed to the more balanced charge carrier in the emission zone. 
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  Compared to mCBP-based and mBPDBT-based devices, mDCBP-based device 
showed similar EL spectra with a maximum emission peak at 476 nm and a shoulder emission 
peak at 500 nm, which was arising from the typical emission of phosphor FIrpic. There was no 
other emission peak from the host or charge transport materials, indicating complete energy 
transfer from the host to FIrpic and charge confinement inside the emitting layer. As shown in 
Figure 4.1.8e, the EL spectra of mDCBP-based device were not changed according to the 
driving voltage because the EL emission was only from FIrpic; and the Commission 
International de I′Eclairage coordinate was (0.16, 0.38). The device performances of PhOLEDs 
are summarized in Table 4.1.2. 
Table 4.1.2 Electroluminescence characteristics of PhOLEDs. 
 
a: Voltage at 1000 cd m-2. 
b: Current efficiency, power efficiency, and external quantum efficiency in the order of maximum, 100 cd m-2, 
and    
     at 1000 cd m-2, respectively. 




































































































      































































Figure 4.1.8: Device performance: (a) current density-voltage-luminance characteristics; (b) 
luminance-current efficiency-power efficiency characteristics; (c) luminance-EQE 
characteristics; (d) EL spectra at 5 mA/cm2; (e) EL spectra of mDCBP-based device at varied 
driving voltage. Notes: The device structure was 









    From the literature report, TAPC has a high hole mobility of 1.0 × 10–2 cm2/Vs at 105 V/cm 
and low electron mobility not measurable by time-of-flight (TOF) method [163]. TmPyPB has 
electron mobility of 7.0 × 10–4 cm2/Vs at 2.5×105 Vcm-1 [149]. As the major component of the 
emitting layer, the host was a decent hole transport material. Thus the holes are considered to 
be the major charge carriers in PhOLEDs.  
To better understand the charge carrier injection/transport behavior in the emission layer, 
hole- and electron-only devices were fabricated with a doped emitting layer. The hole-only 
device structure was ITO/MoO3 (3.5 nm)/TAPC (40 nm)/host:FIrpic (8wt%, 20 nm)/TAPC (10 
nm)/Al (120 nm) and the electron-only device structure was ITO/PEIE/BCP (15 
nm)/host:FIrpic (8 wt%, 20 nm)/TmPyPB (40 nm)/Liq (2.5 nm)/Al (120 nm) (host = mBPDBT, 
mCBP or mDCBP). The current density-voltage characteristics are shown in Figure 4.1.9. The 
single carrier mDCBP-based device had slightly lower hole current and higher electron current 
than that of the single carrier mCBP-based device, because the dibenzothiophene moiety had a 
negative effect on hole transport property and a positive effect on electron transport property 
compared to the carbazole moiety. The better balanced hole and electron densities in PhOLEDs 
increased the charge carrier recombination efficiency, thus improving overall device 
performance. It also guaranteed a wide charge recombination region, which were able to 
suppress triplet-triplet annihilation or other unwanted quenching, thus reducing the efficiency 
roll-off at high brightness. For mBPDBT, the high HOMO level (6.2 eV) hindered the hole 
injection from the hole transport layer to the emitting layer due to the high energy barrier, thus 
greatly reducing the device performance. 
4.1.5 TADF OLEDs characterization 
Energy transfer between host and emitter 
    To confirm the capability of mDCBP as an effective host material in TADF OLEDs, we 
investigated the photophysical properties of co-deposited thin films of 4CzIPN doped in hosts. 
The films were 20 nm in thickness with a doping concentration of 6 wt% on quartz substrate. 
For the PL spectrum of mDCBP:4CzIPN sample (Figure 4.1.10a), it showed a maximum 
emission peak around 510 nm, corresponding to the S1S0 transition in 4CzIPN. The emission 
from mDCBP was completely suppressed, suggesting that the excitons generated on the 
mDCBP were effectively 
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Figure 4.1.9: Current density-voltage characteristics of single-carrier-only devices.  
 
transferred to 4CzIPN and converted into light. 
To further understand the relationship between the excited states of the host and guest 
molecules, transient PL decays of doped thin films were measured at a wavelength of 510 nm 
at room temperature. As shown in Figure 4.1.10b, the doped thin films clearly exhibited a nano-
second-scale component and a micro-second-scale component at room temperature. The first 
part was assigned to the prompt component derived from the direct S1S0 transition of 4CzIPN 
which had a lifetime (τ1) of ca. 21 ns, while the second part can be assigned to the delayed 
TADF component resulting from the S1S0 transition of 4CzIPN via successive reverse 
intersystem crossing of S1←T1, which exhibited a lifetime (τ2) that lengthened from 3.23 μs 
for mBPDBT, 3.40 μs for mCBP, and 3.29 μs for mDCBP. The excited state lifetimes for 
delayed PL emission were similar to that of preciously reported 4CzIPN [12]. These indicated 
that mDCBP as host could activate the TADF emission of 4CzIPN, and thus could be utilized 
as host material in TADF OLEDs. 
In hosts, the singlet excitons were generated under light excitation and then transferred to 
4CzIPN through Fӧrster transfer. In 4CzIPN, the singlet excitons were also generated under 
light excitation. Thus, the excitons in 4CzIPN were generated in two ways: energy transfer 
from the host and direct excitation by light. Of these singlet excitons, parts of them radiative 
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decayed to the ground state (S1S0 transition) and the remaining were converted into T1 
excitons via intersystem crossing. The T1 excitons were then converted into S1 excitons via 
reverse intersystem crossing fast and efficient. Finally, the S1 excitons radiative decayed to the 
ground state, leading to TADF emission. The S1-T1-S1 cycle may be repeated several times 

















































Figure 4.1.10: (a) PL spectra and (b) transient PL decay curves of doped thin films 
(host:4CzIPN, host= mBPDBT, mCBP or mDCBP); (c) schematic illustration of energy 
transfer under light excitation. 
Experiment  
    In order to evaluate the capability of mDCBP as host material in TADF OLEDs and to reveal 
the influence of carbazole/dibenzothiophene moieties on device performance, a group of green 
emitting devices were fabricated. The green devices had the following configuration: 
ITO/HAT-CN (10 nm)/TAPC (40 nm)/TCTA (10 nm)/host:4CzIPN (20nm, 6 wt%)/TmPyPB 
(40 nm)/Liq (2.5 nm)/Al (host = mBPDBT, mCBP or mDCBP). The chemical structures and 
energy levels of the materials used in these devices are presented in Figure 4.1.11. HAT-CN 
and Liq were utilized as hole and electron injection layers, respectively. TAPC and TCTA were 
served as hole transport layers. Meanwhile, TCTA also could reduce the hole injection barrier 
from TAPC to the emitting layer. TmPyPB was served as electron transport layer.  The triplet 





(ET=2.42 eV), so TCTA and TmPyPB were selected as the exciton blocker to prevent exciton 
diffusion.  
Under electrical excitation, charge recombination in host materials produced singlet and 
triplet excitons with a ratio of 1:3, 25% singlet excitons and 75% triplet excitons. The excitons 
generated in host materials were transferred to 4CzIPN through Fӧrster transfer or Dexter 
transfer. In 4CzIPN, the singlet and triplet excitons were also generated with a ratio of 1:3 by 
charge trapping. Thus the excitons in 4CzIPN were generated in two ways: energy transfer 
from the host and direct recombination. In 4CzIPN, some S1 excitons decayed radiatively 
(S1S0 transition) and the remaining excitons were converted into T1 excitons via intersystem 
crossing. And all the T1 excitons can converted into S1 excitons via reverse intersystem crossing 
(S1T1). Finally, the S1 excitons radiatively decayed to the ground state, leading to the TADF 
emission. The S1-T1-S1 cycle may be repeated several times before the radiatively decay. 
TADF OLEDs characterization 
Figure 4.1.12a shows the current density-voltage-luminescence curves of the TADF OLEDs.  
The current density and luminance were highest in mDCBP-based device at the same driving 
voltage compared to the other two devices. At 1000 cd m-2 for practical applications, the driving 
voltage was 4.39 V for mDCBP-based device, much lower than that of mBPDBT-based and 
mCBP-based devices, which were 5.48 V. and 5.13 V, respectively.  
More importantly, the mDCBP-based device showed increased current and power efficiency 
compared to the other two devices. Its maximum current efficiency was 66.0 cd/A, which was 
around 14% higher than that of mCBP-based device; its maximum power efficiency was 51.8 
lm/W, which was 16% higher than that of mCBP. The mDCBP-based device also exhibited 
substantial improvement in external quantum efficiency: its maximum external quantum 
efficiency was 19.4%, compared with 16.7% and 17.6% for mBPDBT-based and mCBP-based 






Figure 4.1.11: Energy levels and molecular structures of organic materials adopted in EL 
devices. 
The mDCBP-based device showed EL spectrum with a maximum emission peak around 520 
nm, which was arising from the typical emission of 4CzIPN. There was no other radiative 
emission peak from the host or charge transport materials, indicating complete energy transfer 
from the host to FIrpic, and excitons were well-confined within the emitting layer. The EL 
spectra of these devices remained consistent according to the driving voltage of the device 
because the EL emission was only from the 4CzIPN, and the commission International de 
I′Eclairage coordinate was (0.31, 0.59). Compared to the mBPDBT-based device, there was a 
small blue shift in the EL wavelength (8 nm) in the mDCBP-based device. The device 













































































































































































































Figure 4.1.12: Device performance: (a) current density-voltage-luminance characteristics; (b) 
luminance-current efficiency-power efficiency characteristics; (c) luminance-EQE 
characteristics; (d) EL spectra at 5 mA/cm2; and (e) EL spectra of mDCBP-based device at 
varied applied voltage. Notes: The device structure was ITO/HAT-








Table 4.1.3 Electroluminescence characteristics of TADF OLEDs. 
 
a: Voltage at 1000 cd m-2. 
b: Current efficiency, power efficiency, and external quantum efficiency in the order of maximum, 100 cd m-2, 
and    
     at 1000 cd m-2, respectively. 
c: Commission international de I’Eclariage coordinates measured at 5 mA/cm2. 
Analysis 
    Actually, in multilayer devices, charge carrier injection and transport are not only dependent 
on the intrinsic electrical performance of each involved materials, but also dramatically 
determined by their compatibility. To better understand the charge injection/transport behavior 
in the host:4CzIPN layer, the hole- and electron-only devices with doped emitting layer were 
fabricated. The hole-only device structure was ITO/HAT-CN (10 nm)/TAPC (40 
nm)/host:4CzIPN (6% wt, 20 nm)/TAPC (10nm)/Al (120 nm) and the electron-only device 
structure was ITO/PEIE/BCP (15 nm)/host:4CzIPN (6%, 20nm)/TmPyPB (40 nm)/Liq (2.5 
nm)/Al (120 nm) (host = mBPDBT, mCBP or mDCBP). In hole-only devices, due to the high 
electron injection barrier (>2 eV) at the Al/TAPC interface, the electrons injected from the 
cathode should be the exclusive charge carriers in the device. Similarly, the holes injected from 
the anode to the device should be the exclusive charges in the device due to the high injection 
barrier (>2 eV) at the PEIE/BCP interface [144]. Clearly, at the same electrical field, the 
electron current density is much lower than the hole current density in single-carrier devices. 
Further, consider the charge mobility of each material, TCTA has the hole mobility of 3×10−4 
cm2 V−1s−1 at an applied field of 0.5 MV/cm [164]. Thus, holes are considered to be the major 
carrier in TADF OLEDs and the emitting area is close to the EML/ETL interface. The single-
carrier mDCBP-based device had both the highest hole and highest electron injection and 
transporting ability in these three devices. Therefore, it’s expected that the enhanced both hole 
and electron density in the emitting layer in TADF OLEDs improved the device performance.  
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Figure 4.1.13: Current density-voltage characteristics of single-carrier-only devices.  
4.1.6 Summary 
A high-performance host material, mDCBP, combining a p-type carbazole moiety and n-
type dibenzothiophene moiety was investigated. Its thermal, photophysical and electrical 
properties were detailed investigated and the device performance of blue PhOLEDs and green 
TADF OLEDs based on it were detailed investigated. The meta-bonding design endows the 
materials with high triplet energy (2. 75 eV), rendering it a potential host candidate for sky blue 
and green OLEDs. High morphological stability and film-forming ability, sufficiently high 
triplet energy, suitably aligned HOMO and LUMO levels with the adjacent layer, larger 
HOMO-LUMO energy gaps than the emitters, efficient energy transfers from host to guest, 
and good charge balance in the emitting layer leaded to a high performance OLEDs by 
employing mDCBP as host. The blue PhOLEDs produced a maximum current efficiency of 
40.5 cd/A, power efficiency of 29.4 lm/W, and external quantum efficiency of 17.9%; the 
TADF OLEDs showed a maximum current efficiency of 66 cd/A, power efficiency of 51.8 
lm/W, and external quantum efficiency of 19.4%. The OLEDs also showed a low efficiency 
roll-off at high brightness. It is worth noting that we did not use any light outcoupling 
enhancement techniques when fabricating OLEDs, so there is some room to achieve higher 
efficiency. This work gains insight into the molecular structure-property relationship of 
carbazole/dibenzothiophene moieties, and reveals that the carbazole and dibenzothiophene 
moieties could act as important building blocks in designing new host materials for high-
efficiency OLEDs.  
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4.2 Carbazole/dibenzothiophene derivatives with extended phenyl spacer as host 
materials in modern OLEDs 
4.2.1 Introduction 
    In the previous study of mDCBP, the carbazole and dibenzothiophene moieties were 
connected by biphenyl through meta-linkage and had achieved excellent EL performance. This 
motivated us to conduct the subsequent research on the structural modification of mDCBP to 
develop high-performance hosts. In general, the π-conjugation length should be minimized to 
obtain high triplet energies for host materials; for example, functional groups are connected 
through meta-linkage to keep high triplet energy while enlarging the π conjugation length of 
the host material [22, 165]. And in mDCBP, by linking the carbazole and dibenzothiophene 
moieties with the biphenyl group, it showed excellent performance. That revealed the phenyl 
unit is a good linking spacer. In this study, two carbazole/dibenzothiophene derivatives, with 
different linking spacers, one phenyl or three phenyl rings between carbazole and 
dibenzothiophene moieties, were synthesized and characterized. Their physical, photophysical, 
and electrical properties were systematically investigated and the device performance of blue 
PhOLEDs and green TADF OLEDs based on them were explored extensively. We focused 
especially on the manner in how the linking spacer between carbazole and dibenzothiophene 
units affect the optical and electrical properties of the resulting devices  
4.2.2 Molecular synthesis 
The host materials mDCP and mDCTP were synthesized by a project partner (Dr. Shoucheng 
Dong) at Soochow University. Scheme 4.2.1 illustrates the synthesis route of the host material; 
synthesis was straightforward with classic Suzuku-Miyaura reaction.  
mDCP: Dibenzothiophene-4-boronic acid (1.50g, 6.58 mmol), 9-(3-bromophenyl)-9H-
carbazole (1.30g, 4.04 mmmol), and tetrakis (triphenylphosphine) palladium (0) (5% molar 
ratio) were dissolved in THF/2 M K2CO3 (45 ml, 3/1, v/v) in a Schlenk tube under argon. The 
resulting mixture was refluxed for 12 h. After cooling to the room temperature, the organic 
layer was collected and annealed to remove the residual solvent. The crude product was 
purified by column chromatography on silica gel using dichloromethane/petroleum (1/5, v/v) 
as eluent, followed by recrystallization from ethyl acetate/petroleum and vacuum sublimation 
successively. The final product was a white powder (1.25 g, 72.9%). 1H NMR (400 MHz, 
CDCl3) δ (ppm): 8.14-8.20 (m, 4H), 7.97 (b, 1H), 7.82-7.87 (m, 2H), 7.75 (t, J = 8.0 Hz, 1H), 
7.66 (d, J = 8.0 Hz, 1H), 7.53-7.61 (m, 4H), 7.43-7.50 (m, 4H), 7.32 (t, J = 8.0 Hz, 2H). 13C 
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NMR (100 MHz, CDCl3) δ (ppm): 142.7, 141.0, 139.6, 138.6, 138.4, 136.6, 136.1, 135.9, 
130.5, 127.5, 127.2, 127.0, 126.7, 126.2, 125.4, 124.7, 123.7, 122.9, 122.0, 121.1, 120.6, 120.3, 
110.1. MS (EI): m/z 425.1 (M+). Anal. calcd for C30H19NS (%): C 84.67, H 4.50. N 3.29; found: 
C 84.34, H 4.42, N 3.28.  
mDCTP: 9-(3'-bromo-[1,1'-biphenyl]-3-yl)-9H-carbazole (1.20 g, 3.01 mmol), 2-(3-
(dibenzothiophen-4-yl) phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1.39 g, 3.60 mmol) 
were dissolved in THF/2 M K2CO3 (45 ml, 3/1, v/v) in a Schlenk tube under argon. The 
resulting mixture was refluxed for 12 h. After cooling to the room temperature, the organic 
layer was collected and annealed to remove the residual solvent. The crude product was 
purified by column chromatography on silica gel using dichloromethane/petroleum (1/5, v/v) 
as eluent, followed by recrystallization from ethyl acetate/petroleum and vacuum sublimation 
successively. The final product was a white powder (1.05 g, 60.3%). 1H NMR (400 MHz, 
CDCl3) δ (ppm): 8.14-8.20 (m, 4H), 8.04 (s, 1H), 7.95 (s, 1H), 7.88 (s, 1H), 7.53-7.79 (m, 
12H), 7.35-7.51 (m, 6H), 7.29 (t, J = 6.8 Hz, 2H). 13C NMR (100 MHz, CDCl3) δ (ppm):143.2, 
142.0, 141.7, 141.4, 141.1, 141.0, 139.7, 138.8, 138.5, 137.0, 136.5, 136.0, 130.5, 129.7, 129.6, 
127.6, 127.4, 127.1, 127.0, 126.5, 126.2, 126.0, 125.4, 124.6, 123.6, 122.8, 122.0, 120.8, 120.5, 
120.2, 110.0. MS (EI): m/z 577.2 (M+). Anal. calcd for C42H27NS (%): C 87.31, H 4.71, N 
2.42; found: C 87.02, H 4.53, N 2.40. 
 






4.2.3 Fundamental physical properties  
Quantum chemical calculations 
    To understand the molecular structure-property relationship of mDCP and mDCTP at the 
molecular level, their HOMO and LUMO orbital spatial distributions were obtained by the 
density function theory calculations at the (B3LYP)/6-31G (d) level with Gaussian program 
[154]. Figure 4.2.1 shows the HOMO and LUMO distributions of mDCP, mDCBP, and 
mDCTP. These three compounds showed rather similar HOMO and LUMO distributions. The 
HOMO orbitals were mainly located on the strong electron donating carbazole moiety and the 
adjacent phenyl ring due to the strong electron-donating nitrogen unit of carbazole, whereas 
the LUMO orbitals were distributed on the dibenzothiophene moiety and spread over all the 
phenyl spacer (phenyl-dibenzothiophene unit) due to the electron-withdrawing sulfur group. 
This indicated that carbazole is a hole transport moiety and dibenzothiophene is an electron 
transport moiety in these three compounds. Therefore, mDCP and mDCTP would exhibit 
electron-accepting properties as well as hole-accepting properties from the charge transport 
materials. 
 
Figure 4.2.1: HOMO and LUMO spatial distributions of carbazole/dibenzothiophene 
derivatives. 
Thermal analysis 
The thermal stabilities of the materials were characterized by TGA and DSC, as mentioned 
above, thermal stability is closely related to the device stability. Figure 4.2.2 shows the DSC 
and TGA thermograms of mDCP, mDCBP, and mDCTP. These compounds showed clearly 
glass-transition temperatures. With the extended phenyl spacer, the glass transition 
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temperatures increased from 68˚C of mDCP, through 88˚C of mDCBP, to 98˚C of mDCTP; 
their decomposition temperatures increased from 382˚C of mDCP, through 430˚C of mDCBP, 
to 462˚C of mDCTP.  As phenyl spacers extended, the molecular size and molecular weight 
increased, so thermal stabilities increased.  
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Figure 4.2.2: (a) DSC traces and (b) TGA traces recorded at a heating rate of 10˚C min-1. 
Photophysical properties 
The photophysical properties of mDCP, mDCBP, and mDCTP were investigated via UV-
Vis absorption, PL, and phosphorescence spectra, as shown in Figure 4.2.3. The UV-Vis 
absorption and PL spectra were obtained from vacuum evaporated thin films (60 nm) and 
phosphorescence spectra were measured in 2Me-THF at 77 K. These three compounds showed 
almost identical UV-Vis absorption and PL spectra. The relatively weak shoulder peak at ca. 
355 nm can be attributed to the n-π* transitions of the carbazole group [30, 156]. The optical-
energy bandgaps were determined by the onset of UV-Vis absorption spectra. The absorption 
edges of the spectra for mDCP, mDCBP, and mDCTP were 364 nm, 365 nm, and 364 nm, 
respectively, corresponding to bandgaps of 3.41 eV, 3.40 eV, and 3.41 eV, respectively. These 
three compounds also had similar violet fluorescence emission. The maximum PL emission 
peaks of mDCP, mDCBP, and mDCTP were observed at 373 nm, 370 nm, and 369 nm, 
respectively, corresponding to the singlet energy of 3.32 eV, 3.35 eV, and 3,36 eV. A narrow 
FWHM ranging from 44 nm of mDCP through 47 nm of mDCBP to 45 nm of mDCTP were 
observed. The emission spectra of these three compounds were well overlapped with the 
absorption spectra of typical high-efficiency blue and green emitters, suggesting that energy 
transfer from the host to the dopant would be efficient in practice [157-159]. All the materials 
exhibit broad phosphorescent spectra. The triplet energies were calculated by the first emission 




similar with that of mDCBP and mDCP (2.75 eV), both sufficient for used as host for blue and 
green triplet emitters. These indicating that with a merit of meta-linkage, the extended phenyl 
spacers had negligible effect on materials’ photophysical properties. 
         
























                   


















































Figure 4.2.3: (a) UV-Vis absorption and (b) PL spectra of vacuum deposited thin films; (c) 
phosphorescence spectra in frozen 2-MeTHF matrix at 77 K.  
HOMO/LUMO levels 
   For host materials, appropriate HOMO and LUMO levels are essential to the efficient 
injection of carriers into the emitting layer. The HOMO levels of the materials were determined 
by UPS. The HOMO levels of mDCP, mDCBP, and mDCTP were -5.94 eV, -6.01eV and -5.98 
eV, respectively. The optical LUMO levels were calculated using HOMO and optical band gap 
in solid films, according to the equation ELUMO = EHOMO+Eg, so the LUMO levels of mDCP, 
mDCBP and mDCTP were -2.53 eV, -2.61 eV, and -2.57 eV, respectively. Table 4.2.1 
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Figure 4.2.4: UPS spectra of carbazole/dibenzothiophene derivatives. 
Carrier-transport properties 
To evaluate their charge carrier transport ability, single-carrier devices were fabricated. The 
hole-only device had the structure: ITO/MoO3 (10 nm)/host (100 nm)/MoO3 (10 nm)/Al and 
the electron-only device had the structure: ITO/PEIE/BCP (15 nm)/host (100 nm)/BCP (15 
nm)/Liq (2.5 nm)/Al (host= mDCP, mDCBP or mDCTP). As shown in Figure 4.2.5, in all three 
single-carrier devices, at the same electrical field intensity, the electron current densities were 
much lower than the hole current densities. Both hole and electron current densities decreased 
as phenyl spacers increased. In the hole-only devices, the current density-voltage 
characteristics of the samples showed two distinct regions at low and high bias: a Schottky 
thermionic region and a SCLC region, respectively. The hole mobility of mDCP and mDCTP 
can be estimated by fitting the current density-voltage curves of SCLC region according to the 







𝜇                                                          (4.2.1) 
where J is the current density; V is the applied voltage; ε is the relative permittivity; ε0 is the 
permittivity of the free space; d is the thickness of active layer; and μ is the charge carrier 
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mobility. Under an electric field of 0.6 MV/cm, the estimated hole mobility of 100 nm mDCP 
is 1.4×10-3 cm2/Vs. And under an electric field of 1 MV/cm, the estimated hole mobility of 100 
nm mDCTP is 1.7×10-4 cm2/Vs. 
Table 4.2.1 Summary of physical properties of carbazole/dibenzothiophene derivatives. 
 
a: Glass transition temperatures; b: Decomposition temperatures. 
c: Measured from vacuum deposited thin film (60 nm). 
d: Estimated from the first emission peak of phosphorescence spectra (measured in 2-MeTHF matrix at 77 K). 
e: Optical bandgap energies calculated from the corresponding absorption spectra onset. 
f: HOMO levels calculated from UPS data. 
g: LUMO levels calculated from HOMO and Eg of vacuum deposited thin films. 



















































































Figure 4.2.5: (a) Current density-voltage curves of single-carrier devices and (b) mobility-
square root of electric field. Note: The hole-only device structure was 
ITO/MoO3/host/MoO3/Al and the electron-only device was ITO/PEIE/BCP/host/BCP/Liq/Al 





4.2.4 PhOLEDs characterization 
Energy transfer between hosts and emitter 
    To confirm the applicability of mDCP and mDCTP as the hosts for PhOLEDs, we 
investigated the photophysical properties of co-deposited thin films of host:FIrpic (host= 
mDCP, mDCBP or mDCTP). The films were 20 nm thick with a FIrpic doping concentration 
of 8 wt% on quartz substrate. For the PL spectra of doped thin film (Figure 4.2.6a), all samples 
showed an emission peak around 476 nm and a shoulder emission peak around 500 nm, 
corresponding to the FIrpic emission. The emission from the mDCP or mDCTP was strongly 
suppressed, which confirmed the effective energy transfer from the high singlet energy host to 
luminescent FIrpic and then converted into light. 
To further understand the relationship between the excited states of the hosts and guest 
molecules, transient PL decays of doped thin films were measured at a wavelength of 476 nm 
at room temperature. According to Figure 4.2.6b, although these films did not exhibit mono-
exponential decay curves, their second exponential decay parts were fewer than their first 
exponential decay parts, indicating that due to high ET, the energy transfer from the hosts to 
FIrpic was energetically favorable and the energy transfer from FIrpic to hosts was suppressed, 
thus the energy was well-confined in luminescent FIrpic. All the transient PL decay curves 
were exponentially fitted by decay analysis software (DAS 6, Horiba). The excited state 
lifetimes of 1.64 μs for sample mDCP, 1.41 μs for mDCBP, and 1.36 μs for mDCTP were 
obtained, similar to previously reported FIrpic [149, 161, 162].  
In the hosts, singlet excitons were generated under the light excitation, then transferred to 
FIrpic through Fӧrster transfer. In FIrpic, singlet excitons were also generated under light 
excitation. Thus the excitons in FIrpic were generated in two ways: energy transfer from the 
hosts and direct excitation by light. These singlet excitons in FIrpic can be converted to triplet 
excitons via intersystem crossing, then the triplet excitons radiatively decay from T1 to the 
ground state (T1→ S0 transition) and are converted into phosphorescence emission.   
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Figure 4.2.6: (a) PL spectra and (b) transient PL decay curves of doped thin films 
(host:FIrpic, host= mBPDBT, mCBP or mDCBP); (c) schematic illustration of energy transfer 
process under light excitation. 
Experimental  
To evaluate the performance of mDCP and mDCTP as host for blue phosphors and reveal 
the influence of extend phenyl spacers on PhOLEDs performance, FIrpic-based PhOLEDs 
were constructed with a typical sandwich structure. The detailed device configuration was 
ITO/MoO3 (3.5 nm)/TAPC (40 nm)/host:FIrpic (20 nm, 8wt%)/TmPyPB (40 nm)/Liq (2.5 
nm)/Al (host= mDCP, mDCBP or mDCTP). MoO3 and Liq were utilized as hole and electron 
injection layers, respectively. TAPC and TmPyPB were served as hole and electron transport 
layer, respectively. There were large energy barriers for electron leakage from the host to TAPC 
and hole leakage from the host to TmPyPB, so TAPC and TmPyPB were used as electron and 
hole blocking layers. On the other hand, the triplet energies of TAPC (ET=2.9 eV) and TmPyPB 
(ET=2.8 eV) were higher than that of FIrpic (ET=2.62 eV), so TAPC and TmPyPB were also 
used to block the triplet excitons within the emissive zone.  
    Under the electrical excitation, charge recombination in host materials produces singlet and 





excitons generated in the hosts were transferred to FIrpic through Fӧrster transfer or Dexter 
transfer. In FIrpic, singlet and triplet excitons were also generated with a ratio of 1:3 by charge 
trapping. Thus, the excitons in FIrpic were generated in two ways: energy transfer from the 
host and direct recombination in FIrpic. The singlet excitons in FIrpic can be converted to 
triplet excitons via intersystem crossing, then these triplet excitons radiatively decay from T1 
to the ground state.   
 
Figure 4.2.7: Energy levels and molecular structures of materials adopted in EL devices. 
PhOLEDs characterization 
    Figure 4.2.8a shows the current density-voltage-luminescence curves of blue PhOLEDs. At 
the same driving voltage, the current density was highest in mDCP-based device and lowest in 
mDCTP-based device. At the same driving voltage, luminescence was also highest in mDCP-
based device and lowest in mDCTP-based device. At 1000 cdm-2 for practical applications, the 
driving voltage was 5.48 V for mDCP-based device, lower than that of 5.77 V and 6.13 V for 
mDCBP-based and mDCTP-based devices, respectively. With the extended phenyl spacer, the 
performance of the device slightly decreased, as shown in Figure 4.2.8b. For the device mDCP, 
the maximum current efficiency was 43 cd/A; the maximum power efficiency was 34.8 lm/W; 
and the maximum external quantum efficiency was 18.6%. These efficiency values were 40.5 
cd/A, 29.4 lm/W, and 18.1% for mDCBP-based device, and 38 cd/A, 27.1 lm/W and 16.6 % 
for mDCTP-based device, respectively. 
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All the devices showed almost identical EL spectra with a maximum emission peak around 
476 nm and a shoulder emission peak around 500 nm arising from the phosphor FIrpic. There 
was no other emission peak from the host or charge transport materials, indicating complete 
energy transfer from host to FIrpic, and excitons were well-confined in the emitting layer. As 
shown in Figures 4.2.8e and 4.2.8f, the EL spectra of these devices were not changed according 
to the varied driving voltage of the device because EL emission came only from FIrpic. 
The Commission International de I'Eclairage coordinates varied quite little for these devices: 
(0.16, 0.38) and (0.16, 0.39) for mDCP-based and mDCTP-based devices, respectively. The 
device performances of PhOLEDs are summarized in Table 4.2.2. 
Table 4.2.2 Electroluminescence characteristics of PhOLEDs. 
 
a: Voltage at 1000 cd m-2. 
b: Current efficiency, power efficiency, and external quantum efficiency in the order of maximum, 100 cd m-2, 
and    
     at 1000 cd m-2, respectively. 














































































































































       


























                    


























     
Figure 4.2.8: Device performance: (a) current density-voltage-luminance characteristics; (b) 
luminance-current efficiency-power efficiency characteristics; (c) luminance-EQE 
characteristics; (d) EL spectra at 5 mA/cm2; (e) EL spectra of mDCP-based device at varied 
driving voltage; (f) EL spectra of mDCTP-based device at varied driving voltage. Note: The 











To better understand the charge carrier injection/transport behavior in the emitting layer, the 
hole- and electron-only devices with doped emitting layer were fabricated. The hole-only 
device structure was ITO/MoO3 (3.5 nm)/TAPC (40 nm)/host:FIrpic (8 wt%, 20 nm)/TAPC 
(10 nm)/Al (120 nm) and the electron-only device structure was ITO/PEIE/BCP (15 
nm)/host:FIrpic (8 wt%, 20 nm)/TmPyPB (40 nm)/Liq (2.5 nm)/Al (120 nm) (host= mDCP, 
mDCBP or mDCTP). The current density-voltage characteristics of these single-carrier-only 
devices are shown in Figure 4.2.9. At the same driving voltage, the mDCP-based device had 
both highest hole and electron injection and transporting abilities. The enhanced both hole 
density and electron density in the emitting layer improved the device efficiency of PhOLEDs. 
The enhanced charge carrier density in the emitting layer also reduced the resistance of the 
device, thus leading to a low operation voltage. 






















































Figure 4.2.9: Current density-voltage characteristics of single-carrier-only devices.  
4.2.5 TADF OLEDs characterization 
Energy transfer between hosts and emitter 
    To confirm the applicability of mDCP and mDCTP as hosts in TADF OLEDs, we 
investigated the photophysical properties of co-deposited 4CzIPN-doped thin films. The films 
were 20 nm in thickness with a doping concentration of 6 wt% on quartz substrate. PL spectra 
of doped thin films showed a maximum emission peak around 510 nm, corresponding to the 
S1S0 transition in 4CzIPN. The emission from the hosts were completely suppressed in all 
samples, suggesting that the excitons generated on the mDCP and mDCTP were effectively 
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transferred to 4CzIPN and converted into light.  
To further understand the relationship between the excited states of the host and guest 
molecules, transient PL decays of doped thin films were measured at a wavelength of 510 nm 
at room temperature. As shown in Figure 4.2.10b, the doped thin film clearly exhibited a nano-
second-scale component and a micro-second-scale component at room temperature. The 
former was assigned to the prompt component derived from the direct S1S0 transition, which 
has a lifetime (τ1) of ca. 21 ns; the latter was assigned to the delayed TADF component resulting 
from the S1S0 transition via successive reverse intersystem conversion of the excitons from 
the T1 state, which exhibited a lifetime (τ2) lengthened from 3.3 μs for mDCP through 3.29 μs 
for mDCBP to 3.7 μs for mDCTP. These indicated that the mDCP and mDCTP as the host 
















































Figure 4.2.10: (a) PL spectra and (b) transient PL decay curves of doped thin films 
(host:4CzIPN, host= mDCP, mDCBP or mDCTP); (c) schematic illustration of the energy 
transfer under light excitation. 
In hosts, singlet excitons were generated under light excitation and transferred to 4CzIPN 
through Fӧrster transfer. In 4CzIPN, singlet excitons were also generated under light excitation. 
Accordingly, the excitons in 4CzIPN were generated in two ways: energy transfer from the 





the ground state (S1S0 transition) and those remaining were converted into triplet excitons 
via intersystem crossing. The T1 excitons were then converted into S1 excitons via reverse 
intersystem crossing (S1T1). Finally, the S1 excitons radiatively decayed to ground state 
leading to TADF emission. The S1-T1-S1 cycle may be repeated several times before the 
radiative decay of S1S0 transition.  
Experimental  
        In order to evaluate the capability of mDCP and mDCTP as host materials in TADF 
OLEDs and to reveal the influence of extended phenyl spacers of the host on the device 
performance, a series of green emitting devices were fabricated with mDCP, mDCBP and 
mDCTP as hosts in the following configuration: ITO/HAT-CN (10 nm)/TAPC (40 nm)/TCTA 
(10 nm)/host:4CzIPN (20 nm, 6 wt%)/TmPyPB (40 nm)/Liq (2.5 nm)/Al (host = mDCP, 
mDCBP or mDCTP). The chemical structures and energy levels of the materials used in these 
devices are presented in Figure 4.2.11. HAT-CN and Liq were utilized as hole and electron 
injection layers, respectively. TAPC and TCTA were served as hole transport layers. 
Meanwhile, TCTA also can reduced the hole injection barrier from TAPC to the host. TmPyPB 
was served as an electron transport layer. The triplet energies of TCTA (ET=2.7 eV) and 
TmPyPB (ET=2.8 eV) are higher than that of 4CzIPN (2.42 eV), so TCTA and TmPyPB were 
chosen as exciton blocker layers to prevent exciton diffusion, thus effectively blocking excitons 
within the emissive zone.  
    Under electrical excitation, charge recombination in hosts produced singlet and triplet 
excitons with a ratio of 1:3 (25% singlet excitons and 75% triplet excitons). The excitons 
generated on host materials were transferred to 4CzIPN through Fӧrster transfer or Dexter 
transfer. In 4CzIPN, singlet and triplet excitons were also generated with a ratio of 1:3 by 
charge trapping. Thus the excitons in 4CzIPN were generated in two ways: energy transfer 
from the host and direct recombination. In 4CzIPN, some singlet excitons decayed radiatively 
(S1S0 transition) while those remaining were converted into T1 excitons via intersystem 
crossing. The T1 excitons were then converted into S1 excitons via reverse intersystem crossing 
(S1T1 transition). Finally, the S1 excitons decayed radiatively to the ground state (S1S0 
transition). The cycle S1-T1-S1 may be repeated several times before the radiative decay of 




Figure 4.2.11: Energy levels and molecular structures of materials adopted in EL devices. 
TADF OLEDs characterization 
    Figure 4.2.12a shows the current density-voltage-luminescence curves of the TADF OLEDs.  
At the same driving voltage, the current density was highest in mDCP-based device and lowest 
in mDCTP-based device. At same driving voltage, the luminescence was also highest in mDCP-
based device and lowest in the mDCTP-based device. At 1000 cd/m2 for practical applications, 
the driving voltage was 4.03 V for device mDCP, lower than that of mDCBP-based and 
mDCTP-based devices (4.39 V and 5.00 V, respectively). With the extended phenyl spacer, the 
performance of the device slightly decreased. For mDCP-based device, the maximum current 
efficiency was 68.0 cd/A; the maximum power efficiency was 60.3 lm/W; and the maximum 
external efficiency quantum efficiency was 21%. These efficiency values were 68.0 cd/A, 51.8 
lm/W, and 19.4% for mDCBP-based device, 64.5 cd/A, 47.0 lm/W and 19.03% for mDCTP-
based device, respectively. 
All the devices showed almost identical EL spectra with a maximum emission peak at 520 
nm arising from the typical emission of 4CzIPN. There was no other radiative emission peak 
from the host or charge transport materials, indicating complete energy transfer from the host 
to 4CzIPN and excitons were-confined within the emitting layer. The EL spectra of these 
devices remained consistent according to the driving voltage of the device, because the EL 
emission came only from the 4CzIPN. The commission International de I′Eclairage coordinates 
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were (0.26, 0.58) and (0.29, 0.58) for mDCP-based and mDCTP devices, respectively. All of 
the aforementioned characterization data of TADF OLEDs are summarized in Table 4.2.3. 
Table 4.2.3 Electroluminescence characteristics of TADF OLEDs. 
 
a: Voltage at 1000 cd m-2. 
b: Current efficiency, power efficiency, and external quantum efficiency in the order of maximum, 100 cd m-2, 
and    
     at 1000 cd m-2, respectively. 
c: Commission international de I’Eclariage coordinates measured at 5 mA/cm2. 
Analysis 
    To better understand the charge carrier injection/transport behavior in the host:4CzIPN layer, 
the hole- and electron-only devices with doped emitting layer were fabricated. The hole-only 
device structure was ITO/HAT-CN (10 nm)/TAPC (40 nm)/host:4CzIPN (6% wt, 20 
nm)/TAPC (10nm)/Al (120 nm) and the electron-only device structure was ITO/PEIE/BCP (15 
nm)/host:4CzIPN (6%, 20nm)/TmPyPB (40 nm)/Liq (2.5 nm)/Al (120 nm) (host= mDCP, 
mDCBP, or mDCTP). Clearly, at the same driving voltage, mDCP-based device had highest 
both hole and electron injection and transporting ability. The enhanced both hole density and 
electron density in the emitting layer improved the efficiency of TADF OLEDs. The enhanced 
charge carrier injection and transport abilities of the emitting layer also reduced the resistance 












































































































































      


























                    



























Figure 4.2.12: Device performance: (a) current density-voltage-luminance characteristics; (b) 
luminance-current density-power efficiency characteristics; (c) luminance-EQE characteristics; 
(d) EL spectra at 5 mA/cm2; (e) EL spectra of mDCP-based device at varied driving voltage; 
(f) EL spectra of mDCTP-based device at varied driving voltage. Note: The device structure 






























































Figure 4.2.13: Current density-voltage characteristics of single-carrier-only devices.  
4.2.6 Summary 
Two new host materials, mDCP and mDCTP, with dibenzothiophene and carbazole groups 
connected by extended phenyl spacers were investigated. Their thermal, photophysical and 
electrical properties of them were fully investigated. The meta-bonding design endowed them 
with high triplet energy than 2. 7 eV, making them excellent potential host candidates for sky 
blue and green OLEDs. As the phenyl spacer extended, the hybrids exhibited gradually 
increased thermal stability as characterized by TGA and DSC analysis. As a merit of meta-
linkage, the extended phenyl spacers did not affect their photophysical properties significantly. 
With the extended phenyl spacer, the device performance was slightly decreased. By 
employing mDCP as host, the blue PhOLEDs produced a maximum current efficiency of 43 
cd/A, power efficiency of 34.8 lm/W, and external quantum efficiency of 18.6%; the green 
TADF OLEDs showed a maximum current efficiency of 66 cd/A, power efficiency of 60.3 
lm/W, and external quantum efficiency of 21%. This study provide insight into the structure-
property relationship of carbazole/dibenzothiophene moieties, and demonstrate that utilizing a 
suitable phenyl spacer to connect the molecular moiety is effective in adjusting the properties 
of carbazole- or dibenzothiophene-based host materials.  
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4.3 Carbazole/dibenzothiophene derivatives with different carbazole to 
dibenzothiophene ratios as host materials in modern OLEDs 
4.3.1 Introduction 
It had been well known that balanced charge carrier injection and transport in the emission 
layer were required in high performance OLEDs. Accordingly, host materials that contain both 
hole transporting and electron transporting moieties were utilized to facilitate charge carrier 
balance and enhance device efficiency [166-170]. In general, the charge carrier 
injection/transport ability of host materials can be accurately modulated by tuning the number 
and the mixing ratio of electron-donating and electron-withdraw units [167, 171, 172]. To gain 
insight into the molecular structure-function relationship of the number and ratio of carbazole 
to dibenzothiophene moieties, in this study, two carbazole/dibenzothiophene derivatives, with 
different carbazole/dibenzothiophene unit ratios were investigated. Their physical, 
photophysical, and electrical properties were systematically investigated and the device 
performance of blue PhOLEDs and green TADF OLEDs based on them were detailed 
investigated. As discussed below, we also explore how the charge carrier balance in the 
emitting layer can be fine-tuned by adjusting the ratio of carbazole to dibenzothiophene 
moieties were also discussed. 
4.3.2 Molecular synthesis 
The host materials mDC2BP and mD2CBP were synthesized by a project partner (Dr. 
Shoucheng Dong) at Soochow University. Scheme 4.3.1 illustrates the synthesis route of the 
host materials. The synthesis was straightforward with classic Suzuku-Miyaura reaction.  
mDC2BP: 9,9'-(5-bromo-1,3-phenylene) bis (9H-carbazole) (1.00 g, 2.05 mmol), 2-(3-
(dibenzothiophen-4-yl) phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (0.95 g, 2.46 mmol) 
were dissolved in THF/2 M K2CO3 (45 ml, 3/1, v/v) in a Schlenk tube under argon. The 
resulting mixture was refluxed for 12 h. After cooling to room temperature, the organic layer 
was collected and annealed to remove the residual solvent. The crude product was purified by 
column chromatography on silica gel using dichloromethane/petroleum (1/5, v/v) as eluent, 
followed by recrystallization from ethyl acetate/petroleum and vacuum sublimation 
successively. The final product was a white powder (0.86 g, 62.9%). 1H NMR (400 MHz, 
CDCl3) δ (ppm): 8.16 (d, J = 8.0 Hz, 7H), 8.04 (d, J = 1.6 Hz, 2H), 7.75-7.86 (m, 4H), 7.62-
7.67 (m, 5H), 7.54-7.57 (m, 2H), 7.42-7.49 (m, 6H), 7.32 (t, J = 7.2 Hz, 4H). 13C NMR (100 
MHz, CDCl3) δ (ppm): 144.6, 141.8, 140.8, 140.1, 140.0, 139.6, 138.7, 136.6, 136.5, 135.9, 
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130.0, 128.5, 127.3, 127.1, 127.0, 126.5, 125.4, 124.7, 124.6, 124.1, 123.9, 122.9, 122.0, 121.0, 
120.7, 120.6, 110.0. MS (EI): m/z 666.2 (M+). Anal. calcd for C48H30N2S (%): C 86.46, H 4.53, 
N 4.20; found: C 86.11, H 4.24, N 4.12. 
mD2CBP: 4,4'-(5-bromo-1,3-phenylene) di-dibenzothiophene (0.5 g, 0.96 mmol), (3-(9H-
carbazol-9-yl) phenyl) boronic acid (0.42 g, 1.46 mmol) were dissolved in THF/2 M K2CO3 
(45 ml, 3/1, v/v) in a Schlenk tube under argon. The resulting mixture was refluxed for 12 h. 
After cooling to room temperature, the organic layer was collected and annealed to remove the 
residual solvent. The crude product was purified by column chromatography on silica gel using 
dichloromethane/petroleum (1/5, v/v) as eluent, followed by recrystallization from ethyl 
acetate/petroleum and vacuum sublimation successively. The final product was a white powder 
(0.40 g, 61.0%). 1H NMR (400 MHz, CDCl3) δ (ppm): 8.10-8.22 (m, 9H), 8.02 (t, J = 1.6 Hz, 
1H), 7.87 (d, J = 8.0 Hz, 1H), 7.80-7.85 (m, 2H), 7.73 (t, J = 8.0 Hz, 1H), 7.51-7.67 (m, 7H), 
7.43-7.50 (m, 4H), 7.40 (t, J = 8.4 Hz, 2H), 7.28 (t, J = 7.2 Hz, 2H). 13C NMR (100 MHz, 
CDCl3) δ (ppm): 142.8, 142.2, 141.5, 141.0, 139.7, 138.8, 138.7, 136.6, 136.5, 136.0, 130.7, 
127.8, 127.3, 127.1, 126.8, 126.5, 126.4, 126.3, 126.1, 125.5, 124.7, 123.7, 122.9, 122.0, 121.1, 
120.5, 120.2, 110.1. MS (EI): m/z 683.2 (M+). Anal. calcd for C48H29NS2 (%): C 84.30, H 4.27, 
N 2.05; found: C 83.98, H 4.01, N 1.98. 
 
 





4.3.3 Fundamental physical properties  
Quantum chemical calculations 
    To understand the molecular structure-property relationship of mD2CBP and mDC2BP at 
the molecular level, the HOMO and LUMO orbital spatial distributions were obtained by the 
density function theory calculations at the (B3LYP)/6-31G (d) level with Gaussian program 
[154]. Figure 4.3.1 shows the HOMO and LUMO distributions of mDCBP, mD2CBP, and 
mDC2BP. In the three compounds, the HOMO orbitals were mainly distributed over one 
carbazole moiety and the adjacent phenyl ring due to the strong electron-donating nitrogen unit 
of carbazole, whereas the LUMO orbitals were mainly distributed on the one dibenzothiophene 
moiety and spread over all the phenyl spacer. This indicated that carbazole is a hole transport 
unit and dibenzothiophene is an electron transport unit in the materials. Therefore, mD2CBP 
and mDC2BP would exhibit electron-accepting properties as well as hole-accepting properties 
from charge transport materials. 
 
Figure 4.3.1: HOMO and LUMO spatial distributions of carbazole/dibenzothiophene 
derivatives. 
Thermal analysis 
The thermal stabilities of these three hybrids were characterized by TGA and DSC because 
the thermal stability is closely related to the device stability. Figure 4.3.2 shows the DSC and 
TGA thermograms of mDCBP, mD2CBP, and mDC2BP. The values of glass transition 
temperature of mD2CBP was observed at 140˚C, similar with that of mDC2BP (136˚C), and 
higher than that of mDCBP (88 ̊ C). All the decomposition temperatures of these three materials 
were observed over 400˚C in TGA: 509˚C for mD2CBP and 488˚C for mDC2BP. Thermal 
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stability was enhanced as carbazole or dibenzothiophene moieties increased due to the 
increased molecular size and weight. The good thermal stability of mD2CBP and mDC2BP 
could improve film morphology and reduce the formation of aggregation upon heating, thus 
they could be used in long-lifetime OLEDs. 
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Figure 4.3.2: DSC traces and (b) TGA traces recorded at a heating rate of 10˚C min-1. 
Photophysical properties 
The photophysical properties of mDCBP, mD2CBP, and mDC2BP were investigated by 
means of UV-Vis absorption, PL, and phosphorescence spectra, as shown in Figure 4.3.3. The 
UV-Vis absorption and PL spectra of the compounds were obtained from vacuum evaporated 
thin films (60 nm) and phosphorescence spectra were measured in 2Me-THF at 77 K. mD2CBP 
and mDC2BP showed almost identical UV-Vis absorption and PL spectra. The relatively weak 
shoulder peaks at ca. 355 nm can be attributed to the n-π* transitions of the carbazole group 
[30, 156]. The optical bandgap was determined by the onset of UV-Vis absorption spectra. The 
absorption edges of the spectra for mD2CBP, mDC2BP were 364 nm and 362 nm, respectively, 
corresponding to the optical bandgaps of 3.41 eV and 3.43 eV. The maximum PL emission 
peaks of mD2CBP and mDC2BP were 386 nm and 390 nm, respectively, corresponding to 
singlet energy levels of 3.21 eV and 3.17 eV. The PL emission of mD2CBP and mDC2BP 
showed a red-shift compared to that of mDCBP. A FWHM ranging from 46 nm in mDCBP 
through 57 nm in mD2CBP to 60 nm in mDC2BP was observed. All materials exhibited broad 
phosphorescent spectra; the triplet energies were calculated by the first emission peak of 
phosphorescent spectra (T1ν=0 →S0ν=0). The triplet energies of mDCBP, mD2CBP, and 
mDC2BP were all above 2.7 eV, which were 2.75 eV, 2.73 eV, and 2.74 eV, respectively, 







      
























                  

















































Figure 4.3.3: (a) UV-Vis absorption and (b) PL spectra of vacuum deposited thin films; (c) 
phosphorescence spectra in frozen 2-MeTHF matrix at 77 K.  
HOMO/LUMO levels 
    For host materials, appropriate HOMO and LUMO levels are essential for the efficient 
injection of carriers into the emitting layer. In this study, the HOMO levels of the materials 
were determined by UPS to be -6.01 eV, -5.98 eV, and -5.99 eV for mDCBP, mD2CBP and 
mDC2BP, respectively. The LUMO levels were calculated using HOMO levels and optical 
bandgap in solid films, according to the equation ELUMO=EHOMO+Eg, so the LUMO levels of 
mDCBP, mD2CBP, and mDC2BP were -2.61 eV, -2.57 eV, and -2.56 eV, respectively. Table 
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Figure 4.3.4: UPS spectra carbazole/dibenzothiophene derivatives. 
 
Table 4.3.1: Summary of physical properties of carbazole/dibenzothiophene derivatives. 
 
a: Glass transition temperatures; b: Decomposition temperatures. 
c: Measured from vacuum deposited thin film (60 nm). 
d: Estimated from the first emission peak of phosphorescence spectra (measured in 2-MeTHF matrix at 77 K). 
e: Optical bandgap energies calculated from the corresponding absorption spectra onset. 
f: HOMO levels calculated from UPS data. 





To evaluate their charge carrier transporting ability, single-carrier devices were fabricated. 
The hole-only device had the following structure: ITO/MoO3 (10 nm)/host (100 nm)/MoO3 
(10 nm)/Al and the electron-only device had the following structure: ITO/PEIE/BCP (15 nm) 
/host (100 nm)/BCP (15 nm)/Liq (2.5 nm)/Al (host = mDCBP, mD2CBP and mDC2BP). At 
the same electrical field intensity, the electron current densities were much lower than the hole 
current densities. The devices exhibited higher hole current density as carbazole units increased 
and higher electron current density as dibenzothiophene units increased. In the 
carbazole/dibenzothiophene derivatives, increasing the molar ratio of p-type unit seemed to be 
an effective strategy to improve the hole transport ability; and increasing the molar ratio of the 
n-type unit seemed to be an effective strategy to improve the electron transport ability. In hole-
only devices, the current density-voltage characteristics of these samples showed two distinct 
regions at low and high bias, a Schottky thermionic region and a SCLC region. The hole 
mobility of mD2CBP and mDC2BP were estimated by fitting the current density-voltage 







𝜇                                                              (4.3.1) 
where J is the current density; V is applied voltage; ε is the relative permittivity; ε0 is the 
permittivity of the free space; d is the thickness of active layer; and μ is the charge carrier 
mobility. Under an electric field of 0.8 MV/cm, the estimated hole mobility of 100 nm 
mD2CBP is 3.8×10-4 cm2/Vs. And under an electric field of 0.5 MV/cm, the estimated hole 
mobility of 100 nm mDC2BP is 7.6×10-3 cm2/Vs. 
4.3.4 PhOLEDs characterization 
Energy transfer between hosts and emitter 
To confirm the applicability of mD2CBP and mDC2BP as the hosts for PhOLEDs, we 
investigated the photophysical properties of co-deposited thin films of host:FIrpic (host= 
mDCBP, mD2CBP, or mDC2BP). The films were 20 nm in thickness with a FIrpic doping 
concentration of 8 wt% on quartz substrate. For the PL spectra of doped thin film (Figure 
4.3.6a), all samples showed an emission peak around 476 nm and a shoulder emission peak 
around 500 nm corresponding to the FIrpic emission. For the sample mDC2BP, the relatively 



























































   






























Figure 4.3.5: (a) Current density-voltage curves of single-carrier devices; (b) mobility-square 
root of electric field. Note: The hole-only device structure was ITO/MoO3/host/MoO3/Al and 
the electron-only device structure was ITO/PEIE/BCP/host/BCP/Liq/Al (host = mDCBP, 
mD2CBP and mDC2BP). 
 
observed, indicating incomplete singlet energy transfer from host to luminescent FIrpic, which 
would decrease the device performance. 
To further understand the relationship between the excited states of the hosts and guest 
molecules, transient PL decays of doped thin films were measured at a wavelength of 476 nm 
at room temperature (Figure 4.3.6b). Although these films did not exhibit mono-exponential 
decay curves, the second exponential decay portions were fewer than their first exponential 
decay portions, indicating that due to high ET, the energy transfer from the hosts to FIrpic was 
energetically favorable, and the energy transfer from FIrpic back to the hosts was suppressed, 
thus the energy was well-confined in luminescent FIrpic. All the transient PL decay curves 
were fitted exponentially with decay analysis software (DAS 6, Horiba) and showed relatively 
long excited state lifetime: 1.41 μs for mDCBP, 1.70 μs for mD2CBP, and 2.03 μs for mDC2BP. 
In hosts, singlet excitons were generated under light excitation, then transferred to FIrpic 
through Fӧrster transfer. In FIrpic, singlet excitons were also generated under light excitation. 
Thus, the excitons in FIrpic were generated in two ways: energy transferred from the host and 
direct excitation by light. The singlet excitons in FIrpic were converted to triplet excitons via 
intersystem crossing, then these triplet excitons radiatively decayed from T1 to the ground state 























     


























Figure 4.3.6: (a) PL spectra and (b) transient PL decay curves of doped thin films (host:FIrpic, 
host= mDCBP, mD2CBP, or mDC2BP); (c) schematic illustration of the energy transfer 
process under light excitation. 
Experimental  
    To evaluate the capability of mD2CBP and mDC2BP as host materials for blue phosphors 
and to reveal the influence of different carbazole/dibenzothiophene moiety ratios on the device 
performance, a group of FIrpic-based PhOLEDs were constructed with a typical sandwich 
structure. The detailed device configuration was ITO/MoO3 (3.5 nm)/TAPC (40 
nm)/host:FIrpic (20 nm, 8wt%)/TmPyPB (40 nm)/Liq (2.5 nm)/Al (host= mDCBP, mD2CBP, 
or mDC2BP). MoO3 and Liq were utilized as hole and electron injection layers, respectively. 
TAPC and TmPyPB were served as hole and electron transport layers, respectively. There were 
large energy barriers for electron leakage from hosts to TAPC and hole leakage from hosts to 
TmPyPB, so TAPC and TmPyPB were also used as electron and hole blocking layers, 
respectively. The triplet energies of TAPC (ET=2.9 eV) and TmPyPB (ET=2.8 eV) were higher 
than that of FIrpic (ET=2.62 eV), so TAPC and TmPyPB were utilized to block excitons within 
the emissive layer.  
    Under the electrical excitation, charge recombination in host materials produced singlet and 





excitons generated on the host transferred to FIrpic through Fӧrster transfer or Dexter transfer. 
In FIrpic, singlet and triplet excitons were also generated with a ratio of 1:3 by charge trapping. 
So the excitons in FIrpic were generated in two ways: energy transfer from the hosts and direct 
recombination. The singlet excitons on FIrpic were converted to triplet excitons via intersystem 
crossing, then the triplet excitons radiatively decayed from T1 to the ground state and converted 
into phosphorescence emission.   
 
Figure 4.3.7: Energy levels and molecular structures of materials adopted in EL devices. 
PhOLEDs characterization 
    Figure 4.3.8a shows the current density-voltage-luminescence curves of the blue PhOLEDs. 
At the same driving voltage, the current density was highest in mDC2BP-based device and 
lowest in the mDCBP-based device. And at same voltage, the luminescence was also highest 
in mDC2BP-based device and lowest in the mDCBP-based device. At 1000 cd/m2 for practical 
applications, the driving voltages were 5.77 V, 5.60 V and 5.54 V for mDCBP-based, 
mD2CBP-based, and mDC2BP-based devices, respectively. With a 1:1 mixing ratio of 
carbazole and dibenzothiophene moiety, mDCBP-based device showed highest efficiency 
compared to other two. Its maximum current efficiency was 40.5 cd/A; maximum power 
efficiency was 29.4 lm/W; and maximum external quantum efficiency of the mDCBP-based 
device was 18.1%. These efficiency values were 34.5 cd/A, 26.6 lm/W, and 14.5% for 
mD2CBP-based device, 33 cd/A, 25.9 lm/W, and 13.9 % for mDC2BP, respectively.  
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All devices showed EL spectra with a maximum emission peak at 476 nm and a shoulder 
emission peak at 500 nm arising from the phosphor FIrpic. There were no other emission peaks 
from the hosts or charge transport materials, indicating the complete energy transfer from the 
hosts to FIrpic and exciton confinement inside the emitting layer. The EL spectra of these 
devices remained stable under varied driving voltage because the EL emission came only from 
FIrpic, as shown in Figures 4.3.8 (e) and (f). The Commission International de I′Eclairage 
coordinates were (0.17, 0.41) and (0.18, 0.40) for mD2CBP-based and mDC2BP-based devices, 
respectively. The device performances of PhOLEDs are summarized in Table 4.3.2. 
Table 4.3.2 Electroluminescence characteristics of PhOLEDs. 
 
a: Voltage at 1000 cd m-2. 
b: Current efficiency, power efficiency, and external quantum efficiency in the order of maximum, 100 cd m-2, 
and    
     at 1000 cd m-2, respectively. 
























































































































                


















       


























                    


























      
Figure 4.3.8: Device performance: (a) current density-voltage-luminance characteristics; (b) 
luminance-current efficiency-power efficiency characteristics; (c) luminance-EQE 
characteristics; (d) EL spectra at 5 mA/cm2; (e) EL spectra of mD2CBP-based device at varied 
driving voltage; (f) EL spectra of mDC2BP-based device at varied driving voltage. Note: The 










To better understand the charge carrier injection/transport behavior in the host:FIrpic layer, 
the FIrpic doped hole-only device ITO/MoO3 (3.5 nm)/TAPC (40 nm)/host:FIrpic (8 wt%, 20 
nm)/TAPC (10 nm)/Al (120 nm) and electron-only device ITO/PEIE/BCP (15 nm)/host:FIrpic 
(8 wt%, 20 nm)/TmPyPB (40 nm)/Liq (2.5 nm)/Al (120 nm) (host =mDCBP, mD2CBP or 
mDC2BP) were fabricated. The current density-voltage characteristics are shown in Figure 
4.3.9. The single carrier mDCBP-based device had slight lower hole current density and higher 
electron current density than those of single mD2CBP-based and mDC2BP-based devices. The 
balanced hole and electron densities in the emitting layer increased the recombination 
efficiency, thus improving the device performance of PhOLEDs. The enhanced charge carrier 
injection and transporting abilities of mD2CBP and mDC2BP also reduced the resistance of 
PhOLEDs, leading to low operation voltage. 
 





















































Figure 4.3.9: Current density-voltage characteristics of single-carrier-only devices.  
4.3.5 TADF OLEDs characterization 
Energy transfer between hosts and emitter 
    To confirm the applicability of these two compounds as host materials for TADF OLEDs, 
we investigated the photophysical properties of co-deposited thin films of 4CzIPN doped in 
the hosts. The films were 20 nm in thickness with FIrpic doping concentration of 6 wt% on 
quartz substrate. The PL spectra of doped thin film (Figure 4.3.10a) showed a maximum 
emission peak around 510 nm, corresponding to the S1S0 transition in 4CzIPN. The emissions 
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from hosts were strongly suppressed in all samples, suggesting that the excitons generated in 
mD2CBP and mDC2BP were effectively transferred to 4CzIPN and converted into light.  
To further understand the relationship between the excited states of the host and guest 
molecules, transient PL decays of doped thin films were measured at a wavelength of 510 nm 
at room temperature. As shown in Figure 4.1.10b, the transient PL decay curves of these doped 
thin films clearly exhibited a nano-second-scale component and a micro-second-scale 
component at room temperature.  The former were assigned to the prompt component derived 
from the direct S1S0 transition, which has a lifetime (τ1) of ca. 21 ns; the latter were assigned 
to the TADF component resulting from the recursive S1S0 transition via successive reverse 
intersystem conversion of the excitons from the T1 state, which exhibited a lifetime (τ2) that 
lengthened from 3.29 μs for mDCBP, 3.56 μs for mD2CBP, to 3.73 μs for mDC2BP. These 





















          



























Figure 4.3.10: (a) PL spectra and (b) transient PL decay curves of doped thin films 
(host:4CzIPN, host =mDCBP, mD2CBP or mDC2BP); (c) schematic illustration of the energy 
transfer under light excitation. 
In the hosts, singlet excitons were generated under light excitation, and then transferred to 
4CzIPN through Fӧrster transfer. In 4CzIPN, singlet excitons were also generated under light 





host and direct excitation by light. Of these S1 excitons, some radiatively decayed to the ground 
state and those remaining were converted into T1 excitons via intersystem crossing. The T1 
excitons were then converted into S1 excitons via reverse intersystem crossing (S1T1). Finally, 
the S1 excitons radiatively decayed to the ground state. The S1-T1-S1 cycle may be repeated 
several times before the radiatively decay of S1S0 transition, leading to thermally activated 
delayed fluorescence emission.  
Experimental  
    In order to evaluate the capability of mD2CBP and mDC2BP as host materials in TADF 
OLEDs and to reveal the influence of different carbazole to dibenzothiophene ratios on the 
resulting device performance, green TADF OLEDs were fabricated with the host:4CzIPN 
system as green emitters. The detailed device configuration was: ITO/HAT-CN (10 nm)/TAPC 
(40 nm)/TCTA (10 nm)/host:4CzIPN (20 nm, 6 wt%)/TmPyPB (40 nm)/Liq (2.5 nm)/Al (host= 
mDCBP, mD2CBP, or mDC2BP). The chemical structures and energy levels of the materials 
used in these devices are presented in Figure 4.3.11. HAT-CN and Liq were utilized as hole 
and electron injection layers, respectively. TAPC and TCTA were served as hole transport 
materials; TCTA also reduced the hole injection barrier from TAPC to the hosts. TmPyPB was 
served as the electron transport material.  There were large energy barriers for electron leakage 
from the host to TCTA and for hole leakage from the host to TmPyPB, so TCTA and TmPyPB 
were also used as electron and hole blocking layers, respectively. The triplet energies of TCTA 
(ET=2.7 eV) and TmPyPB (ET=2.8 eV) were higher than that of 4CzIPN (2.42 eV), so TCTA 
and TmPyPB were chosen as the exciton blocker layer to prevent exciton diffusion, thus 
effectively blocking excitons within the emissive zone.  
    Under the electrical excitation, charge recombination in the host materials produced singlet 
and triplet excitons with a ratio of 1:3 (25% singlet excitons and 75% triplet excitons). The 
excitons generated on host materials were transferred to 4CzIPN through Fӧrster transfer or 
Dexter transfer. In 4CzIPN, singlet and triplet excitons were also generated with a ratio of 1:3 
by charge trapping. Excitons in 4CzIPN were thus generated in two ways: energy transfer from 
the host and direct recombination. In 4CzIPN, of these excitons, some decay radiatively and 
those remaining were converted into T1 excitons via intersystem crossing. The T1 excitons were 
converted into S1 excitons via reverse intersystem crossing (S1T1). Finally, the S1 excitons 
radiatively decayed to the ground state (S1S0 transition). The S1-T1-S1 cycle may be repeated 





Figure 4.3.11: Energy levels and molecular structures of materials adopted in EL devices.   
TADF OLEDs characterization 
Figure 4.3.12a shows the current density-voltage-luminescence curves of TADF OLEDs.  At 
the same driving voltage, the current density was highest in mDC2BP-based device and lowest 
in mD2CBP-based device; at low driving voltage, the luminescence was highest in mDC2BP-
based device and lowest in mD2CBP-based device, and at high driving voltage, the 
luminescence was highest in mDCBP-based device. These results indicate that mDC2BP-based 
device has larger efficiency roll-off at high luminance compared to that of mDCBP. At 1000 
cd m-2 for practical applications, the driving voltages was 4.37 V for mDC2BP-based device, 
lower than that of 4.90 V and 4.71 V for mD2CBP and mDCBP devices, respectively.  
With carbazole and dibenzothiophene moiety mixing ration of 1: 1, mDCBP-based device 
showed the highest device efficiency. Its maximum current efficiency was 66 cd/A; the 
maximum power efficiency was 51.8 lm/W; and the maximum external quantum efficiency 
was 19.4%. These efficiency values were 61.5 cd/A, 45.1 lm/W, and 18.2% for mD2CBP-
based device, and 60 cd/A, 50.9 lm/W and 17.7 % for mDC2BP, respectively. All the devices 
showed EL spectra with a maximum emission peak at 520 nm arising from the typical emission 
of the 4CzIPN. There were no other radiative emission peaks from the host or charge transport 
materials, indicating complete energy transfer from the host to FIrpic and excitons were well-
confined within the emitting layer. The EL spectra of these devices were not changed under 
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increased driving voltage because the EL emission was only from the 4CzIPN. The commission 
International de I′Eclairage coordinates were (0.31, 0.59) and (0.32,0.59) for mD2CBP-based 
and mDC2BP devices, respectively. All of the aforementioned characterization data of TADF 
OLEDs are summarized in Table 4.3.3. 
Table 4.3.3 Electroluminescence characteristics of TADF OLEDs. 
 
a: Voltage at 1000 cd m-2. 
b: Current efficiency, power efficiency, and external quantum efficiency in the order of maximum, 100 cd m-2, 
and    
     at 1000 cd m-2, respectively. 












































































































































     
 
      


























                 



























Figure 4.3.12: Device performance: (a) current density-voltage-luminance characteristics; (b) 
luminance-current efficiency-power efficiency characteristics; (c) luminance-EQE 
characteristics; and (d) EL spectra at 5 mA/cm2; (e) EL spectra of mD2CBP-based device at 
varied driving voltage; (f) EL spectra of mDC2BP-based device at varied driving voltage. Note: 
The device structure was ITO/HAT-CN/TAPC/TCTA/host:4CzIPN/TmPyPB/Liq/Al (host= 










To better understand the charge carrier injection/transport behavior in doped emitting layer, 
the hole- and electron-only devices with doped emitting layer were fabricated. The hole-only 
device structure was ITO/HAT-CN (10 nm)/TAPC (40 nm)/host:4CzIPN (20 nm, 6% 
wt)/TAPC (10 nm)/Al (120 nm) and the electron-only device structure was ITO/PEIE/BCP (15 
nm)/host:4CzIPN (20nm, 6wt%)/TmPyPB (40 nm)/Liq (2.5 nm)/Al (120 nm) (host=mDCBP, 
mD2CBP or mDC2BP). The single-carrier mDCBP-based device had slightly higher electron 
current density than those of single-carrier mD2CBP-based and mDC2BP-based devices. The 
slightly balanced hole and electron densities in the emitting layer increased the recombination 
efficiency, thus slightly improved the device efficiency of TADF OLEDs. For the mDC2BP-
based device, it showed the highest hole current density and lowest electron current density 
compared to the other two devices. The enhanced charge carrier injection and transporting 
abilities of mD2CBP reduced the resistance of the device, leading to low operation voltage; 
and the poor carrier balance resulted in large roll-off at high luminance.  





















































Figure 4.3.13: Current density-voltage characteristics of single-carrier-only devices.  
4.3.6 Summary 
The systematic study elucidating the structure-function relationship of the number and ratio 
of carbazole to dibenzothiophene moieties in OLEDs host materials has been carried out. Two 
host materials, mD2CBP and mDC2BP, with various carbazole and dibenzothiophene group 
ratios connected by biphenyl spacers were investigated. Their thermal, photophysical, and 
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electrical properties were characterized in detail. These two compounds exhibited sufficiently 
high triplet energies to guarantee their capability to use as hosts for blue PhOLEDs and green 
TADF OLEDs. The device performance of blue PhOLEDs and green TADF OLEDs based on 
them were detailed investigated and good performance was obtained. The best-performance of 
the PhOLEDs and TADF OLEDs were achieved with the host materials containing 1:1 
carbazole and dibenzothiophene ratios, because of improved charge balance in OLEDs. The 
present study provides a valuable strategy for readily controlling the carrier 
injecting/transporting ability of carbazole/dibenzothiophene derivatives by adjusting the 




Chapter 5  
Conclusion and Outlook 
The aim of this study was to understand the impact of carbazole and dibenzothiophene 
moieties in host materials for OLEDs. In this work, seven host materials derived from carbazole 
and dibenzothiophene moieties with different molecular structure configurations were 
investigated. By systematically varying the molecular structure of carbazole/dibenzothiophene 
hybrids, we investigated 1) the structure-property relationships on thermal stability/physical 
properties (singlet/triplet energies, HOMO/LUMO)/charge carrier transport properties; 2) the 
bridging effects of extended linking spacers between the carbazole and dibenzothiophene 
moieties on thermal stability/physical properties/charge carrier transport properties; and 3) 
various carbazole to dibenzothiophene moiety ratios effect on thermal stability/physical 
properties/charge carrier transport properties.  
Within this thesis, we firstly investigated a high performance host material (mDCBP) 
containing one carbazole moiety (as donor) and one dibenzothiophene moiety (as acceptor) 
with biphenyl as a linkage through the meta position. The physical properties were 
comprehensively characterized and compared to classic carbazole and dibenzothiophene 
analogues (mBPDBT and mCBP). The best performance both in blue PhOLEDs and green 
TADF OLEDs was achieved using mDCBP (with one carbazole moiety and one 
dibenzothiophene moiety) as host material, which showed maximum current efficiency of 40.5 
cd A-1, power efficiency of 29.4 lm W-1, and external quantum efficiency of 17.9% in blue-
FIrpic based PhOLEDs and maximum current efficiency of 66 cd A-1, power efficiency of 51.8 
lm W-1, and external quantum efficiency of 19.4% in green-4CzIPN based TADF OLEDs, as 
shown in Figure 5.1. The highest reported external quantum efficiency for 4CzIPN based 
TADF devices was 19.3% achieved by Adachi group in 2012, and was improved to 25.7% by 
















































Figure 5.1: (a) Schematic illustration of first study; (b) device performance of PhOLEDs and 
TADF OLEDs. Note: Carbazole/dibenzothiophene moieties: carbazole/dibenzothiophene 
moiety numbers in carbazole/dibenzothiophene derivatives, 2/0 (mCBP), 1/1 (mDCBP), and 
0/2 (mBPDBT).  
We next investigated three carbazole/dibenzothiophene derivatives, mDCP with one phenyl 
ring, mDCBP with two phenyl rings, and mDCTP with three phenyl rings between carbazole 
and dibenzothiophene moieties. The manner in how the different linking spacers between 
carbazole and dibenzothiophene units affect the physical properties and the balance between 
the charge carrier transporting property were discussed in detail. We found that thermal 
stability was increased as the linking spacer extended. As the phenyl spacer increased, the 
performance of blue PhOLEDs and green TADF OLEDs slightly decreased; the best device 





a low glass transition temperature of 68 ˚C, which would reduce the device stability. So in 
conclusion, mDCBP (with biphenyl) was suggested as the best performance host material since 
it showed suitable thermal stability and mDCBP-based OLEDs exhibited similar device 
efficiencies with that of mDCP-based OLEDs.  
 
 









































Figure 5.2: (a) Schematic illustration of second study and (b) device performance of PhOLEDs 
and TADF OLEDs. Note: Phenyl ring: phenyl ring numbers in carbazole/dibenzothiophene 
derivatives, one (mDCP), two (mDCBP), and three (mDCTP). 
We conducted further systematic study to elucidate the molecular structure-function 
relationship of the number and ratio of carbazole to dibenzothiophene moieties. Three 
carbazole/dibenzothiophene derivatives: mDCBP with one carbazole and one 
dibenzothiophene moieties, mDC2BP with two carbazole and one dibenzothiophene moiety 
moieties, and mD2CBP, with one carbazole and two dibenzothiophene moieties (all connected 
by biphenyl spacers) were investigated. With the mDCBP as host materials, the best device 





Figure 5.3.  
 
 









































                                                          
Figure 5.3: (a) Schematic illustration of third study and (b) device performance of PhOLEDs 
and TADF OLEDs. Note: carbazole: dibenzothiophene: the ratio of carbazole to 
dibenzothiophene in derivatives, 2:1 (mDC2BP), 1:1 (mDCBP), and 1:2 (mD2CBP). 
    In total, taking the thermal stability of the host materials and the device efficiencies, mDCBP, 
which has one carbazole moiety and one dibenzothiophene moiety while biphenyl was used to 
linkage them through meta position, was found to be the best choice in these 
carbazole/dibenzothiophene derivative. 
    There are a number of unresolved issues, which arose during this study that merit further 
research in the future.  
• In this study, mDCP showed excellent charge carrier injection/transporting ability but a low 
glass transition temperature due to the low molecule weight. By changing the linking spacer 





transition temperature can be effectively enhanced [174]. 
• To improve the electron injection and transport ability, incorporation of other strong electron-
withdrawing moieties (i.e., sulfonyl moiety, trifluoromethyl carbonyl moiety, and pyrazolyl 
moiety) could be employed to construct carbazole-based host material for high performance 
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